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PHYSIOGRAPHY  OF  THE  CHATTANOOGA  DISTRICT, 
IN  TENNESSEE,  GEORGIA,  AND  ALABAMA. 


By  G.  W.  Hayes. 


mTRODUCTIO?^. 

The  process  of  development  which  has  resulted  in  the  present  form 
of  the  land  is  always  a  complicated  one  and  many  factors  enter  iuto 
the  final  product.  The  factors  and  the  manner  in  which  they  are  com- 
bined vary  widely  in  different  regions,  and  it  is  often  impossible  to 
determine  the  weight  which  should  be  given  to  each.  In  order  to 
understand  the  i^rocess  of  geographic  development  in  the  more  obscure 
regions  it  is  desirable  to  study  it  where  the  conditions  are  compara- 
tively simple,  and  it  is  essential  that  in  the  region  selected  for  study 
certain  conditions  should  be  uniform  over  a  considerable  area  within 
which  other  conditions  should  vary  as  widely  as  possible.  Differences 
in  resulting  forms  can  then  be  ascribed  to  their  true  causes  and  the 
correct  value  can  be  given  to  the  several  factors. 

The  aim  of  the  following  paper  is  to  set  forth  the  results  of  a  study 
of  a  region  in  which  several  distinct  types  of  land  surface  are  charac- 
teristically developed  under  such  conditions  that  the  j)art  taken  by  the 
several  factors  can  be  fairly  well  determined ;  to  trace  the  process  of 
drainage  development  and  the  origin  of  the  present  land  forms  upon 
rocks  of  diverse  erodibility  and  diverse  structure;  and,  finally,  by  a 
concurrent  examination  of  drainage  and  surface,  to  read  the  recent 
geologic  history  of  the  region. 

DEFINITION  OF  THE  CHATTANOOGA  DISTRICT. 

The  region  selected  for  study  is  situated  in  southeastern  Tennessee, 
northeastern  Alabama,  and  northwestern  Georgia.  Its  location  is 
shown  on  the  accompanying  index  map,  PI.  I.  The  district  chiefly 
considered,  and  represented  on  the  large-scale  maps  forming  Pis.  II 
and  III,  is  bounded  by  the  meridians  84°  30'  and  86^  and  the  paral- 
lels 34*^  and  30^,  and  comprises  three  S(iuare  degrees  of  the  earth's 
surface,  or  nearly  12,000  scjuare  miles.  This  area  embraces  twelve 
quadrangles,  as  follows:  McMinnville,  Pikeville,  Kingston,  Sewanee, 
Chattanooga,  and  Cleveland,  (thietly  in  Tennessee;  Stevenson  and  Fort 
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Payne  in  Alabama;  and  Kinggold,  Dalton,  Rome,  and  Oartersville  in 
Georgia.  The  city  of  Chattanooga  is  located  almost  exactly  in  the 
center  of  this  rectangular  area,  and  being  the  best-known  geographic 
feature,  either  natural  or  artificial,  within  its  limits,  the  area  is  called 
the  Chattanooga  district. 

NATURE  OF  THE  PROBLEMS  TO  BE  CONSIDERED. 

This  district  displays,  within  comparatively  narrow  limits,  several 
well  marked  types  of  geologic  structure  and  topographic  configuration. 
In  the  eastern  portion  is  a  region  in  which  the  strata  are  intensely 
folded  and  faulted  and  in  a  part  of  which  metamorphisni  has  affected 
the  rocks,  in  some  degree  obliterating  original  differences  and  render- 
ing the  rocks  more  or  less  homogeneous.  The  forms  assumed  by 
maturely  adjusted  streams  upon  such  complicated  structures  are  well 
illustrated  in  this  part  of  the  district,  and  also,  other  conditions  being 
the  same,  the  widely  different  topographic  forms  produced  by  rocks  of 
diverse  and  uniform  erodibility. 

In  the  western  portion  of  the  district  the  strata  are  practically  hori- 
zontal, but  the  beds  generally  vary  widely  in  hardness.  The  resulting 
topographic  and  drainage  forms  are  strongly  contrasted  with  those 
which  characterize  the  eastern  division. 

In  the  central  portion  of  the  district  are  several  isolated  arches  with 
associated  thrust  faults,  simple  types  of  the  structures  so  extensively 
developed  in  the  eastern  division.  The  adjustment  of  the  streams  in 
this  central  division  is  in  various  stages  of  incompleteness,  and  the 
complicated  process  by  which  consequent  is  transformed  into  subsequent 
drainage,  with  the  formation  of  anticlinal  valleys  and  synclinal  ridges, 
is  admirably  illustrated. 

Finally,  the  preservation  of  surfaces  reduced  to  base-level  peneplains 
at  several  distinct  epochs  suffices  for  determining  the  present  altitude 
of  former  base-levels,  and  hence  the  deformations  which  the  region  has 
suffered  in  recent  geologic  time.  Eliminating  those  drainage  modifica- 
tions which  can  be  attributed  directly  to  the  influence  of  structure  and 
rock  character,  very  considerable  adjustments  remain  which  must  be 
regarded  as  the  direct  results  of  these  deformations. 

The  physiography  or  systematic  geography  of  this  district  will  be 
considered  under  two  main  heads :  First,  geomorphology,  the  descrip- 
tion, classification,  and  correlation  of  the  land  forms;  second,  geomor- 
phogeny,  the  active  processes  by  which  these  forms  have  been  devel- 
oped. The  two  can  not  be  completely  separated,  for  the  description  of 
land  forms  will  necessarily  contain  some  implication  of  the  processes 
by  which  they  were  produced,  and,  on  the  other  hand,  the  discussion 
of  the  processes  involves  constant  reference  to  the  product. 
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It  should  be  clearly  understood  at  the  outset  that  the  student  who  is 
thoroughly  conversant  with  principles  and  methods  of  the  modern  geo- 
graphic school  will  find  in  the  present  paper  much  that  is  elementary 
and  entirely  familiar.  It  is  written,  however,  more  particularly  for 
those  who  do  not  possess  this  familiarity  with  the  most  recent  methods, 
so  that  a  restatement  of  many  elementary  principles  is  essential  to  a 
clear  understanding  of  the  problems  discussed.  On  the  other  hand, 
while  the  principles  of  modern  geography  have  been  stated  elsewhere, 
the  science  is  of  so  recent  and  rapid  growth  that  the  final  statement  of 
even  the  most  fundamental  principles  has  perhaps  not  yet  been  reached, 
and  each  restatement  from  a  slightly  different  point  of  view  may  there- 
fore have  some  value.  Furthermore,  the  mass  of  observations  on  which 
the  generalizations  of  the  science  rest  is  as  yet  comparatively  small, 
and  it  is  chiefly  as  a  contribution  to  this  groundwork  of  facts  that  the 
present  paper  seeks  justification  for  its  existence. 

GEOMORPHOI.OGY. 
GENERAL  RELATIONS. 
SUBDIVISIONS  OF  THE  SOUTHERN  APPALACHIAN  PROVINCE. 

The  district  defined  in  the  foregoing  paragraphs  forms  but  a  small 
part  of  the  Appalachian  province,  and  to  enable  the  reader  to  grasp 
fully  the  significance  of  its  topographic  details  it  is  necessary  to  out- 
line briefly  the  main  features  of  the  larger  division.  As  defined  by 
the  writer,^  the  Southern  Ai)palachian  province  embraces  the  region 
bounded  on  the  east,  south,  and  west  by  the  Cretaceous  and  later  sedi- 
ments of  the  Coastal  and  Gulf  plains  and  the  Mississippi  embayment. 
On  the  north  the  boundary  is  less  definite,  but  may  conveniently  be 
regarded  as  coinciding  with  the  Ohio,  Kanawha,  and  James  rivers. 
The  region  thus  outlined  admits  of  a  natural  division  into  five  sub- 
provinces  or  x>hysiographic  districts.  These  correspond  with  Powell's^ 
physiographic  regions,  except  that  two  of  the  latter  are  again  sub- 
divided. These  five  divisions  of  the  Southern  Appalacliian  province 
are  narrow  belts  of  country  having  approximately  i)arallel  sides  and 
extending  in  a  northeast-southwest  direction  parallel  with  the  Atlantic^ 
coast-line.  They  are  shown  in  outline  on  the  accompanying  index  map 
(PI.  I).  Named  in  order  from  southeast  to  northwest,  they  are  (1)  the 
Piedmont  Plain,  (2)  the  Ai)palachian  Mountains,  (3)  the  Appalachian 
Valley,  (4)  the  Cumberhind  Plateau,  (5)  the  interior  lowlands.  These 
divisions  may  be  very  brieflj^  characterized  as  follows: 

The  riedmont  Plain. — The  Piedmont  Plain  is  the  belt  of  elevated 
country  along  the  eastern  base  of  the  Appalachian  Mountains.  The 


'The  Sonthern  Appalachians,  C.  W.  Hayeft:  Nat.  Geog.  Mon.  No.  10,  I8!».'). 
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altitude  of  its  western  edge  is  about  1,000  feet,  and  it  slopes  grad- 
ually eastward  to  about  600  feet  at  the  eastern  edge,  where  it  merges 
with  the  Coastal  Plain.  Its  surface  is  intersected  by  many  rather 
deep  and  narrow  valleys,  whose  streams  liave  cut  through  the  deep 
mantle  of  soil  and  decayed  rock  into  the  harder  rock  beneath.  The 
Piedmont  Plain  swings  westward  around  the  southern  end  of  the 
Appalachian  Mountains,  and  there  comes  in  contact  with  the  Appala- 
chian Valley. 

The  Appalachian  Mountains. — In  Virginia  the  Appalachian  Moun- 
tains form  a  single  range,  but  southward  this  becomes  complex  and 
expands  into  a  broad  mountain  belt,  having  a  width  of  70  miles  in 
western  Forth  Carolina.  In  its  expanded  portion  the  mountain  belt 
has  a  continuous  chain  along  its  eastern  side,  the  Blue  Eidge,  and 
another  along  its  western  side,  the  Unaka  chain,  while  the  region 
between  the  two  is  occupied  by  irregular  mountain  groups  and  high 
valleys.  Of  the  two  bounding  chains  the  Unaka  is  the  higher,  but 
its  crest  does  not  form  a  continuous  watershed.  The  rivers  head 
upon  the  lower  Blue  Ridge  to  the  east  and  flow  westward  across  the 
mountainous  belt  and  through  gaps  in  the  higher  and  more  rugged 
Unakas. 

The  Appalachian  Valley^  or  valley  helt. — The  Appalachian  Valley  is  a 
lowland  belt  lying  between  the  Appalachian  Mountains  and  the  Cum- 
berland Plateau.  It  is  occupied  by  various  river  systems,  in  the  north- 
ern part  flowing  eastward  to  the  Atlantic  through  breaks  in  the  Blue 
Eidge,  in  the  central  part  westward  by  the  ^N'ew  and  Tennessee  rivers 
to  the  Ohio,  and  in  the  southern  x^art  southward  directly  to  the  Gulf. 
The  great  valley  is  thus  seen  to  be  independent  of  any  single  river 
and  to  be  a  natural  physiographic  unit,  depending  for  its  character- 
istics chiefly  upon  the  character  and  structure  of  the  underlying  rocks. 
In  southern  Tennessee  the  surface  of  the  valley  is  throughout  lower 
than  that  of  the  adjacent  i3lateau,  being  interrupted  by  only  one  crest 
of  considerable  height — White  Oak  Mountain.  Toward  the  northeast 
and,  to  a  somewhat  less  extent,  toward  the  southwest,  in  Georgia  and 
Alabama,  the  valley  belt  contains  many  long,  narrow  ridges,  whose 
even  crests  reach  nearly  or  quite  to  the  level  of  the  adjacent  highlands. 

The  Cumberland  Plateau,  or  plateau  helt. — The  Cumberland  Plateau 
generally  presents  a  bold  and  regular  escarpment  toward  the  valley 
upon  the  east.  Its  western  escarpment  in  Alabama  and  Tennessee  is 
equally  bold,  but  extremely  irregular,  forming  a  sinuous  line  between 
this  division  and  the  interior  lowlands.  In  Kentucky  the  western 
margin  is  less  distinct,  the  plateau  merging  with  the  lowlands  through 
a  belt  of  foothills.  The  surface  of  the  plateau  rises  gradually  toward 
the  northeast  from  about  600  feet  above  sea  level  in  central  Alabama  to 
2,000  feet  in  the  latitude  of  Chattanooga.  In  Tennessee,  Georgia, 
and  Alabama  the  plateau  is  separated  into  a  number  of  more  or  less 
isolated  plateaus  varying  greatly  in  extent.    The  valleys  effecting  this 
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isolation  are  of  two  kinds :  First,  tliose  whose  position  depends  directly 
upon  structure,  as  the  valley  on  the  Sequatchie  anticline;  and,  sec- 
ond, those  formed  by  streams  cutting  transversely  across  the  plateaus, 
as  in  the  case  of  the  Tennessee  River.  In  northern  Alabama  the  pla- 
teau is  still  further  dissected,  its  remnants  forming  a  series  of  small 
isolated  table-mountains,  or  mesas. 

The  interior  loivlands  and  Highland  Rim, — The  last  division  west- 
ward consists  of  the  interior  lowlands,  forming  a  less  elevated  plateau 
which  bears  the  same  relation  to  tbe  Cumberland  Plateau  that  the 
Atlantic  Piedmont  does  to  the  Appalachian  Mountains.  It  is  made  up 
of  the  central  basin  of  Tennessee  and  the  surrounding  Highland  Eim, 
the  latter  extending  into  northern  Alabama  and  across  central  and 
western  Kentucky. 

FORMS  OF  RELIEF. 

Having  thus  briefly  characterized  the  five  physiographic  subdivisions 
of  the  Southern  Appalachian  province,  the  features  of  the  region  under 
consideration  may  now  be  described  in  somewhat  greater  detail.  As 
shown  on  the  index  map,  the  Chattanooga  district  includes  portions  of 
all  these  subdivisions,  embracing  the  southern  extremity  of  the  Appa- 
lachian Mountains,  a  small  portion  of  the  Piedmont  Plain,  and  sections 
entirely  across  the  Appalachian  Valley,  the  Cumberland  Plateau,  and 
the  Highland  Rim,  the  latter  being  a  subdivision  of  the  interior  low- 
lands. 

THE  WESTERN  TYPE. 

The  Ciimherland  escarprnent. — Perhaps  the  most  striking  topographic 
feature  of  the  region  is  the  eastern  escarpment  of  the  Cumberland 
Plateau.  This  passes  diagonally  across  the  district  from  northeast  to 
southwest,  separating  it  into  two  nearly  equal  portions.  In  the  northern 
half  of  the  district — that  is,  as  far  south  as  Chattanooga — the  escarp- 
ment, forming  here  the  edge  of  Walden  Plateau,  has  a  slight  but  reg- 
ular curvature,  concave  to  the  east.  Southward  from  Chattanooga  it 
forms  the  edge  of  Lookout  Mountain,  which  lies  to  the  east  of  Walden. 
It  makes  a  deep  reentrant  angle  in  passing  around  the  head  of  McLa- 
more  Cove,  and  its  general  outline  is  slightly  concave  westward.  In 
the  northern  division  the  escarpment  varies  between  800  and  1,000  feet 
in  height,  wliile  southward  from  Chattanooga  it  decreases  from  l,2r)0 
feet  at  Lookout  Point  to  about  400  feet  at  the  southern  edge  of  the 
district. 

The  plateaus. — In  the  half  of  the  district  to  the  northwest  of  this 
dividing  line  the  relief  is  distinctly  of  the  plateau  type.  The  greater 
part  of  the  highland  surface  reaches  a  common  altitude  and  is  com- 
])aratively  level,  while  tlie  slopes  to  the  lowlands  are  generally  steep 
and  often  ])r('cipitous.    Tlie  streams  wliich  liead  upon  the  highlands 
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plunge  into  narrow  canyons,  wliose  sides  are  even  steeper  than  the 
outer  escarpments  of  the  plateau.  In  the  northern  portion  of  the 
district  there  are  large  areas  in  which  the  streams  have  not  yet  trenched 
the  plateau  surface  to  any  extent,  while  in  other  portions,  particularly 
west  of  Tennessee  Eiver  in  Alabama,  the  plateau  is  so  deeply  dis- 
sected that  only  remnants  of  the  highland  remain  as  flat- topped  mesas, 
more  or  less  completely  isolated,  but  each  retaining  the  characteristics 
of  the  original  plateau  from  which  it  has  been  carved. 

The  Sighland  Rim. — West  of  the  plateau,  and  separated  from  it  by 
the  sinuous  escarpment  which,  as  stated  above,  forms  the  western 
border  of  the  plateau  belt,  is  a  broad  plain,  its  gently  undulating  sur- 
face having  an  altitude  of  about  1,000  feet.  This  is  the  Highland  Rim, 
a  part  of  the  interior  lowlands,  which  stretch  westward  to  the  Ohio 
River  and  beyond.  It  is  separated  from  the  central  basin  of  Tennessee 
by  an  escarpment  somewhat  similar  to  that  which  separates  it  from  the 
Cumberland  Plateau,  but  lower  and  less  regular.  In  the  extreme 
northwestern  corner  of  the  district  this  plain  is  seen  to  be  deeply  dis- 
sected, and  the  stream  valleys  in  reality  form  a  part  of  the  lower  plain 
to  the  west.  This  deeply  dissected  belt  generally  characterizes  the 
outer  margin  of  the  Highland  Rim,  forming  a  sort  of  fringe  along  its 
contact  with  the  interior  basin. 

In  this  northwest  corner  are  found,  in  close  proximity,  the  main  fea- 
tures which  dominate  and  give  character  to  the  topography  of  the  entire 
northwestern  half  of  the  district.  Short  Mountain  is  an  isolated  mesa 
with  level  summit  and  steep  sides.  In  form  and  altitude  it  represents 
the  Cumberland  Plateau.  To  the  south  and  east  of  this  mesa  extends 
the  level  Highland  Rim,  while  to  the  northwest  the  narrow  strips  of  low- 
land along  the  larger  streams  represent  the  lower  plain  of  the  central 
basin. 

It  thus  appears  that  the  Highland  Rim  is  a  terrace,  separated  by  steep 
escarpments  from  the  more  extensive  plains  on  either  side,  the  one  800 
feet  higher  and  the  other  400  feet  lower. 

THE  CENTRAL  TYPE. 

The  relief  in  the  southeastern  half  of  the  district  is  of  a  type 
totally  different  from  that  northwest  of  the  Cumberland  escarp- 
ment. As  shown  on  the  index  map  (PI.  I),  this  division  includes 
portions  of  the  three  eastern  divisions  of  the  Southern  Appalachian 
province.  Each  of  these  is  characterized  by  its  own  type  of  surface, 
and  all  are  distinctly  different  from  the  plateau  type  which  prevails 
to  the  west. 

The  great  valley  belt  enters  the  district  near  its  northeast  corner,  with 
a  breadth  of  33  miles,  which  increases  to  something  over  45  miles  toward 
the  southern  edge.  It  is  about  equally  divided  between  the  Tennessee 
and  Coosa  drainage  basins,  the  Tennessee,  which  occupies  the  northern 
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portion,  turning  westward  and  leaving  the  valley  belt  at  Chattanooga. 
While  in  general  a  lowland  belt,  when  examined  in  detail  its  surface 
presents  considerable  diversity. 

The  valley  loivlands. — Ko  extensive  areas  of  level  country  are  found 
in  this  district  except  in  its  southern  portion  along  the  Coosa  Eiver. 
From  the  vicinity  of  Eome,  extending  south  westward,  the  Coosa  low- 
lands, or  "  flatwoods,"  as  they  are  locally  called,  form  a  belt  10  or  12 
miles  in  width  but  little  above  the  narrow  flood  plain  of  the  river. 
This  lowland  is  developed  entirely  ux)on  soft  or  soluble  rocks,  and  where 
the  Coosa  flows  upon  more  resistant  formations  it  is  confined  to  a  com- 
paratively narrow  valley.  The  same  is  true  of  the  Tennessee  and  all 
other  streams,  both  large  and  small  j  the  extent  of  the  bordering  low- 
land is  dependent  directly  upon  the  nature  of  the  underlying  rocks. 

Starting,  then,  with  the  level  of  the  larger  streams,  as  the  Tennessee 
and  Coosa,  between  600  and  700  feet  above  tide,  there  is  generally, 
though  not  always,  a  strip  of  flood  plain,  and  a  short  distance  above 
this  a  strip  of  level  lowland  which  is  never  reached  by  the  present 
floods.  The  extent  of  the  flood  i)lain  depends  upon  the  size  of  the 
stream  and  the  character  of  the  underlying  rocks,  while  the  higher 
plain  depends  chiefly  upon  the  latter  factor. 

The  valley  ridges. — Above  these  level  lowlands  are  many  hills  and 
ridges  occupying  the  greater  portion  of  the  valley  belt.  The  ridges 
are  parallel  among  themselves  and  with  the  borders  of  the  belt,  while 
the  hills  generally  have  a  linear  arrangement  and  often  pass  into  dis- 
tinct ridges.  This  parallelism  depends  directly  upon  the  structure  of 
the  valley  belt,  a  dependence  which  will  be  more  fully  explained  later. 

These  valley  ridges  fall  into  two  classes:  First,  those  which  attain 
altitudes  of  900  to  1,100  feet,  and  second,  those  from  1,500  to  1,700 
feet.  The  first  class  is  by  far  the  larger,  particularly  north  of  the 
Georgia-Tennessee  line.  To  the  second  class  belong  White  Oak  Moun- 
tain and  its  southward  continuation,  Taylors  Ridge,  with  a  group  of 
parallel  ridges  to  the  east  of  the  latter,  called  collectively  the  Chat- 
tooga Mountains.  Upon  either  side  of  this  group  is  a  broad  belt 
occupied  by  the  lower  ridges  and  lowland  valleys.  The  high  ridges 
terminate  west  of  Rome,  and  thence  southward  nearly  to  the  limits  of 
the  district  the  valley  belt  is  occupied  by  the  Coosa  Flatwoods  and  the 
low  hills  extending  eastward  to  the  edge  of  the  Piedmont  Plain.  On 
the  extreme  southern  edge  of  the  district  are  two  short  ridges  which 
exceed  the  Chattooga  Mountains  in  height,  but  do  not  have  the  regu- 
lar even  crests  which  characterize  the  latter. 

THE  EASTERN  TYPE. 

The  Appalachian  Mountains. — Only  a  small  i)art  of  the  Appalachian 
Mountains  comes  witliiii  tlie  Chattanooga  district.  The  Blue  Kidge  is 
far  to  the  eastward,  as  are  also  most  of  the  interior  mountain  groups 
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and  intermontane  valleys.  The  southern  extremity  of  the  Unaka 
Eange,  the  western  member  of  the  system,  forms  an  abrupt  border  to  a 
portion  of  the  valley  belt,  extending  southward  to  the  Coosawattee 
Kiver.  Between  this  southern  point  of  the  range  and  the  eastern  edge 
of  the  district  is  Mountaintown  Valley,  a  broad  basin  whose  once  level 
surface  is  now  deeply  trenched  by  narrow  stream  channels.  This 
basin,  as  well  as  the  country  adjoining  it  on  the  south  for  a  distance 
of  15  miles  beyond  the  Coosawattee,  has  all  the  characteristics  of 
the  intermontane  valleys  farther  north,  except  that  its  altitude  is 
not  so  great.  The  southern  extremity  of  an  interior  mountain  group 
is  seen  in  Pine  Log  Mountain,  which  terminates  just  north  of  the 
Etowah  River. 

The  Fied7nont  Plain. — From  the  base  of  Pine  Log  Mountain  a  nearly 
level  plain  stretches  toward  the  east  and  south,  interrupted  only  by  an 
occasional  isolated  knob,  as  Kenesaw  and  Lost  mountains,  rising  above 
its  even  surface  and  by  numerous  narrow  stream  channels  sunk  below 
it.  This  is  the  western  portion  of  the  Piedmont  Plain.  Its  margin, 
where  it  comes  in  contact  with  the  valley  belt,  forms  a  somewhat 
abrupt  escarpment  from  300  to  400  feet  in  height,  in  iDlaces  deeply  dis- 
sected by  the  backward  cutting  of  northwestward-flowing  streams. 
The  small  portion  of  this  plain  included  within  the  Chattanooga  district 
is  wholly  in  the  Etowah  Basin,  and  being  near  a  large  stream,  at  low 
level,  its  surface  is  much  more  deeply  dissected  than  a  short  distance 
to  the  east  in  the  Tallapoosa  Basin. 

STRATIGRAPHY. 

In  the  region  under  discussion  there  is  so  intimate  a  relation  between 
the  composition  and  structure  of  the  strata  on  the  one  hand  and  the 
forms  of  surface  relief  on  the  other,  that  these  factors  must  be  at  least 
briefly  considered  before  a  com^^lete  understanding  of  the  geographic 
development  of  the  region  can  be  reached.  Considered  with  reference 
to  their  effect  upon  the  topography,  the  rocks  of  the  district  may  be 
separated  into  two  primary  groups:  1,  unaltered  sedimentary  forma- 
tions belonging  to  the  Paleozoic  system  and  occupyiug  the  three  west- 
ern physiographic  divisions  of  the  district;  2,  the  metamorphic  and 
igneous  rocks  of  undetermined  age  which  underlie  the  two  eastern 
physiographic  divisions. 

GROUP  1.  UNALTERED  SEDIMENTARY  FORMATIONS. 

Characteristics  of  the  subgroups. — The  Paleozoic  strata  are  subdivided 
on  the  geologic  maps  of  the  region  into  23  formations,  and  for  con- 
venience of  description  these  may  be  placed  in  5  subgroups,  as  follows: 
(1)  The  6  lowest  formations  of  the  Cambrian  form  the  Chilhowee  series 
in  East  Tennessee,  corresponding  to  the  Weisner  series  in  Alabama. 
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This  subgroup  is  composed  of  alternating  beds  of  conglomerate,  quartz- 
ite,  and  siliceous  shale,  all  materials  nearly  insoluble,  and  therefore 
well  adapted  for  resisting  erosion  j  hence  the  outcrops  of  these  rocks 
are  marked  by  high  ridges,  as  seen  in  Beans  Mountain,  an  outlier  of 
the  Unakas,  and  in  Indian  and  Weisner  mountains  south  of  the  Coosa 
Eiver.  (2)  The  10  formations  next  above,  including  the  remainder  of 
the  Cambrian  and  the  greater  part  of  the  Silurian,  consist  of  limestones 
alternating  with  more  or  less  calcareous  shales.  They  occupy  a  very 
large  proportion  of  the  Appalachian  Valley,  and  in  general  they  are 
easily  eroded,  to  a  large  extent  by  solution.  Some  beds  of  sandy  shale 
and  sandstone,  constituting  the  Rome  formation,  offer  more  than 
ordinary  resistance  and  produce  the  higher  ridges  in  the  areas  occupied 
by  this  subgroup.  One  of  the  limestone  formations  also,  the  Knox 
dolomite,  contains  a  large  proportion  of  insoluble  material,  chiefly 
chert.  This  forms  a  heavy  residual  mantle  on  the  surface  of  its  out- 
crops, and  thereby  to  some  extent  protects  them  from  erosion,  giving 
rise  to  moderately  high  hills  and  irregular  ridges.  (3)  At  the  top  of 
the  Silurian  and  in  the  lower  part  of  the  Carboniferous,  which  are 
here  separated  by  only  a  few  feet  of  Devonian  shale,  are  sandstone 
and  chert  beds  of  unusual  resistance.  These  together  form  White 
Oak  and  Chattooga  mountains,  while  the  chert  beds  have  been 
chiefly  instrumental  in  i)reserving  the  Highland  Kim.  (4)  The  next 
subgroup  contains  but  a  single  formation,  the  Bangor  or  lower  Car- 
boniferous limestone.  Although  its  thickness  is  something  less  than 
a  thousand  feet,  this  has  been  one  of  the  chief  factors  in  determining 
the  characteristic  topographic  forms  in  the  Cumberland  Plateau  divi- 
sion, chiefly  by  reason  of  its  sharp  contrast  in  solubility  with  the 
strata  above  and  below.  (5)  Finally,  the  two  upper  formations,  con- 
stituting the  last  subgroup,  are  Coal  Measure  conglomerates,  sand- 
stones, and  sandy  shales.  The  conglomerate  near  the  base  is 
particularly  well  adapted  for  resisting  erosion.  These  rocks  cap  the 
Cumberland  Plateau,  and  by  reason  of  the  complete  absence  of  easily 
soluble  constituents,  have  preserved  for  a  very  long  time  large  areas 
of  the  plateau  surface. 

Characteristics  of  the  group  as  a  ivhole. — It  should  be  further  noted 
that,  considering  group  1  as  a  whole,  most  of  the  Paleozoic  formations, 
so  far  as  they  can  be  observed,  show  a  tendency  to  grow  thicker  and 
less  calcareous  toward  the  southeast,  although  the  change  varies  widely 
in  degree.  Tlius  some  wbich  are  pure  limestones  in  middle  Tennessee 
are  made  up  largely  of  sandstone  and  shale  at  tbe  eastern  side  of  the 
Appalachian  Valley.  This  fact,  of  course,  has  an  important  influence 
in  modifying  their  topographic  value,  so  that  in  a  few  cases,  strata  of 
the  same  age  produce  entirely  diflerent  topograi)hic  forms  on  o])posito 
sides  of  the  district.  Tlie  change  in  charac^ter  from  east  to  west  also 
indicates  (;learly  the  source  from  which  the  materials  composing  the 
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Strata  were  derived  and  the  distribution  of  land  and  sea  during  their 
deposition,  thus  throwing  considerable  light  upon  the  early  geographic 
development  of  the  region. 

GROUP  2.  METAMORPHIC  AND  IGNEOUS  ROCKS. 

Subgroup  A,  feldspatUc  rocA:s.— The  second  group,  embracing  the 
metamorphic  and  igneous  rocks,  may  be  separated  into  two  subgroups 
on  the  basis  of  relative  erodibility.  The  first  includes  those  forma- 
tions which  contain  a  considerable  proportion  of  feldspar,  and  hence 
nearly  all  the  igneous  rocks  together  with  the  feldspathic  sandstones 
and  conglomerates.  In  these  the  feldspar  is  an  element  of  weakness. 
When  subjected  to  long-continued  action  of  atmospheric  agencies,  it 
is  converted  into  kaolin,  and  the  rock  of  which  it  is  a  constituent 
readily  breaks  down.  This  decay  of  the  feldspathic  rocks  often 
proceeds  to  a  considerable  depth,  and  it  is  not  uncommon  to  find 
in  this  region  granite  or  diorite  weathered  to  an  incoherent  sand 
for  a  distance  of  50,  70,  or  even  100  feet  from  the  surface.  The  Pied- 
mont Plain  is  composed  chiefly  of  such  easily  weathered  crystalline 
rocks,  largely  igneous,  while  Mountaintown  and  Talking  Eock  valleys 
owe  their  existence  to  the  presence  of  a  large  area  of  highly  feld- 
spathic sediments. 

Subgroup  B,  nonf eld  spathic  rocJcs. — The  second  subgroup  includes 
nonfeldspathic  rocks,  chiefly  slates,  graywackes,  and  conglomerates. 
Differences  originally  existing  in  these  sedimentary  formations  have 
been  to  a  large  extent  obliterated  by  the  process  of  metamorphism 
which  they  have  undergone.  Clay  shales  have  been  converted  into 
slates  or  argillites,  which  offer  nearly  as  much  resistance  to  erosion  as 
do  the  most  siliceous  rocks.  Hence,  these  metamorphic  rocks,  although 
varying  widely  in  comi)osition,  are  to  a  considerable  extent  homoge- 
neous. In  the  Valley  belt,  by  first  attacking  the  weaker  formations,  the 
agents  of  erosion  generally  leave  long,  narrow  ridges  in  relief,  but  here 
they  cut  channels  across  the  various  beds  almost  as  readily  as  parallel 
with  them.  From  this  results  the  irregular  topography  seen  in  the 
southern  end  of  the  Unakas.  The  characteristic  forms,  entirely  absent 
elsewhere  in  the  district,  are  high  and  rather  sharp  x)eaks  from  which, 
radiate  many  fingering  spurs  separated  by  narrow,  V-shaped  stream 
channels. 

RELATION  OF  ERODIBILITY  TO  FORMS  OF  RELIEF. 

These  relations  between  the  composition  or  erodibility  of  the  rocks 
underlying  the  district  and  the  forms  of  relief  to  which  they  give  rise 
are  expressed  graj^hically  by  the  curve  on  the  accomi)anying  diagram 
(fig.  1).  The  relative  thickness  of  the  several  subgroups  is  indicated 
by  the  vertical  distances,  while  relative  erodibility  is  indicated  by  the 
length  of  the  horizontal  lines.    The  relations  expressed  by  the  curve 
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will  be  considered  at  greater  leugtli  in  a  subsequent  part  of  this 
paper. 


5.  coal  Measure  sana.tonea.doooglon,era.e. 

4.  Lower  Carboniferous  limestone. 


3.  Cbert  and  sandstone,  lower  Carboniferous,  Devonian,  and  upper  Silurian. 


^Cbickamauga  limestone. 


Knox  dolomite. 


>Cambrian  limestone  and  shale. 


>1 .  Cambrian  quartzite,  conglomerate,  and  siliceous  sbale. 


>V>.  Nonfeldspatbic  rocks. 


A.  Feldspatbic  rocks. 


Fig.  1.— Curve  illustrating  tbe  relation  of  topographic  relief  to  litbologic  composition. 

STRUCTURE. 


Another  factor  in  the  geographic  development  of  this  region,  second 
in  i importance  only  to  the  lithologic  character  of  the  beds,  is  its  geologic 
structure.    Since  the  rocks  of  the  three  western  physiographic  divi- 
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sions  are  wholly  of  sedimentary  origin,  they  must  originally  have  been 
laid  down  in  nearly  horizontal  layers;  but,  in  a  part  of  this  region,  they 
are  now  inclined  at  all  possible  angles.  Omitting  those  portions  of  the 
Appalachian  Mountains  and  the  Piedmont  Plain  included  within  the 
Chattanooga  district,  the  remainder  of  the  area  under  consideration  is 
divided  by  the  Sequatchie  anticline  into  two  somewhat  unequal  parts, 
in  which  widely  different  types  of  structure  prevail. 

Isolated  folds. — The  Sequatchie  anticline  has  a  direction  about  30^ 
east  of  north.  It  flattens  out  toward  the  northern  edge  of  the  district, 
but  extends  beyond  its  limits  toward  the  southwest  for  more  than  100 
miles.  It  has  the  typical  unsymmetrical  form  characteristic  of  Appala- 
chian folds — that  is,  the  beds  dip  much  more  steeply  on  one  side  of  the 
axis  than  on  the  other  and,  as  is  nearly  always  the  case,  the  gentler 
dips  are  upon  the  eastern  side  of  the  axis.  Also  from  a  point  near  the 
upper  end  of  Sequatchie  Valley  south  westward  the  strata  are  broken 
along  the  steep  side  of  the  arch  and  a  thrust  fault  is  developed,  its 
plane  dipping  southeastward  at  an  angle  of  30^  or  40°  from  the  hori- 
zontal. ^Torthward  from  the  Tennessee  line  a  broad,  shallow  syncliiie — 
the  Walden  Plateau — intervenes  between  the  Sequatchie  anticline  and 
the  Cumberland  escarpment.  This  syncliiie  continues  southward  into 
Alabama,  but  its  eastern  edge  does  not  there  coincide  with  the  limits  of 
the  valley  belt,  being  separated  from  it  by  the  Wills  and  Lookout  anti- 
clines and  the  long,  narrow  syncline  of  Lookout  Mountain.  These  two 
anticlines  are  very  similar  to  the  Sequatchie,  but  are  not  nearly  so  long. 

Valley-belt  structure. — Eastward  from  the  Cumberland  escarpment, 
entirely  across  the  valley  belt,  the  structure  is  extremely  complicated. 
The  lateral  compression  to  which  the  region  has  been  subjected  probably 
first  produced  a  series  of  parallel  folds  similar  to  the  Sequatchie  anti- 
cline. As  the  compression  continued  beyond  the  strength  of  the  beds, 
they  were  in  many  cases  fractured  along  the  steep  sides  of  the  folds, 
and  wherever  this  took  place  the  anticline  was  thrust  over  upon  the 
adjacent  syncline.  Thus  the  strata,  particularly  throughout  the  valley 
belt  in  Tennessee,  are  in  the  form  of  narrow,  closely  compressed  folds, 
intersected  by  a  large  number  of  fault  planes.  They  are  thus  cut  into 
many  long,  narrow  blocks  which  overlap  each  other,  all  dipping  steeply 
to  the  southeast.  These  blocks  of  strata  are  made  up  of  beds  which 
differ  in  their  capacity  for  resisting  degradation,  as  shown  by  the 
curve  on  the  preceding  page  (fig.  1).  Hence,  the  resistant  beds  form 
long,  narrow  ridges  or  lines  of  hills,  and  the  soft  beds  form  narrow, 
parallel  valleys  between  them.  In  the  southern  third  of  the  valley 
belt  which  lies  within  the  district  a  modification  of  this  type  of  structure 
is  found.  Instead  of  many  parallel  fault  planes  dipping  rather  steei)ly 
to  the  east,  there  are  a  few  having  a  very  low  inclination,  on  which  the 
strata  have  been  thrust  long  distances,  in  some  cases  several  miles,  and 
which  have  themselves  been  subsequently  folded.  The  result  is  that, 
while  the  strata  have  perhaps  suffered  as  much  compression  as  farther 
north,  they  have  in  general  lower  dips  and  there  is  not  the  regular 
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and  manifold  repetition  of  bard  and  soft  beds.  Hence  the  linear 
arrangement  of  hills  and  ridges  is  less  prevalent  or  wholly  wanting. 

Areas  of  horizontal  roclcs. — The  region  west  of  the  Sequatchie  anti- 
cline has  the  simplest  possible  structure.  The  strata  retain  almost 
exactly  their  original  horizontal  position.  If  this  region  has  been  sub- 
jected to  the  same  compression  as  that  to  the  east,  the  force  has  been 
transmitted  to  other  areas  and  has  not  produced  marked  folds  here. 
On  the  extreme  edge  of  this  area,  in  the  escarpment  facing  upon  Sequat- 
chie Valley,  the  strata  dip  steeply  westward;  but  within  a  short  dis- 
tance, only  a  few  rods,  the  dips  become  so  light  that  the  beds  appear 
to  be  perfectly  horizontal.  This  condition  continues  westward  to  the 
edge  of  the  district  and  far  beyond.  It  is  found,  however,  that  while 
the  beds  appear  horizontal,  there  is  a  quite  uniform  dip  toward  the  south- 
east of  from  25  to  30  feet  per  mile.  This  gentle  southeastward  dip  is 
interrupted  in  the  northern  portion  of  the  district  by  a  low  anticline 
whose  axis  is  about  parallel  with  that  of  the  Sequatchie  anticline. 
The  fold  flattens  out  rapidly  toward  both  the  northeast  and  the  south- 
west. It  is  thus  seen  that  all  the  highlands  having  a  distinct  plateau 
or  mesa  habit  are  confined  to  areas  underlain  by  beds  which  are 
practically  horizontal. 

Relation  of  erodibility  to  structure  and  relief. — It  is  only  where  there  are 
marked  contrasts  in  the  erodibility  of  adjacent  beds  that  their  geologic 
structure  has  an  important  influence  on  the  consequent  topographic 
forms.  Where  the  rocks  are  to  a  large  extent  homogeneous,  as  in  the 
two  eastern  physiographic  divisions  of  the  district,  it  matters  little 
whether  the  beds  are  horizontal  or  steeply  inclined,  the  resulting  topog- 
raphy will  be  essentially  the  same  and  the  particular  forms  developed 
will  depend  upon  other  factors. 

DEFINITION  OF  PHYSIOGRAPHIC  TERMS. 

Considerable  diversity  prevails  in  the  use  by  various  writers  of  cer- 
tain physiographic  terms,  and  it  may  be  well  to  state  in  advance  the 
exact  manner  in  which  they  will  be  used  in  this  paper. 

The  term  base-level^  synonymous  with  hase-levelof  erosion^  is  restricted 
to  Powell's  original  use,  namely  the  plane  below  Avhich  erosion  can  not 
proceed,  the  general  base  level  being  sea  level.  There  may  be  an  indefi- 
nite number  of  local  base-levels  in  any  region,  each  determined  by  the 
outlet  of  the  stream  whose  drainage  basin  is  considered;  but  only  one 
general  base-level,  and  it  is  the  latter  that  is  always  referred  to  unless 
the  contrary  is  distinctly  stated.  It  should  be  clearly  understood,  then, 
that  a  base-level  is  not  a  topographic  form,  but  a  nuithenuitical  plane^ 
which  may  or  may  not,  and  generally  does  not,  coincide  with  a  land 
surface. 

A  base-leveled  surface  is  any  land  surface,  however  small,  which  has 
been  brought  approximately  to  a  base-level,  either  general  or  local,  by 
the  processes  of  gradation.   When  such  a  surface  has  considerable  extent 
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it  becomes  a  base-level  plain.  Since  no  region  of  great  extent  is  known 
to  liave  been  reduced  to  a  perfect  plain,  a  modification  of  the  term  is 
required  for  application  to  the  product  of  the  gradation  process  over  a 
broad  area.  Hence  the  term  hase-level  peneplain  or  simi^ly  peneplain  is 
applied  to  a  surface  of  which  a  greater  or  less  proportion  has  been 
reduced  to  the  condition  of  a  base-level  plain,  but  which  contains  also 
some  unreduced  residual  areas.  The  terms  base-level  plain  and  pene- 
plain have  reference  only  to  degree  of  perfection  attained  by  the  grada- 
tion processes,  and  not  to  the  degree  of  x)reservation  from  subsequent 
dissection.  In  other  words,  they  apply  to  the  surfaces  restored  to  their 
original  condition.  Hence  a  base-level  plain  may  be  an  actual  topo- 
graphic feature,  a  land  surface,  or  it  may  be  only  in  part  a  present  land 
surface  and  in  part  a  surface  restored  by  inference  from  existing 
remnants. 

Unreduced  areas  rising  distinctly  above  the  general  level  of  a  pene- 
plain are  included  under  the  general  term  residuals.  These  are  of  two 
classes,  unalcas  ^  and  monadnochs,  the  classification  depending  on  their 
form  and  extent.  A  monadnoclc  is  a  more  or  less  completely  isolated 
residual,  rising  above  a  portion  of  a  peneplain  which  is  well  advanced 
toward  complete  reduction  to  a  base-level  i)laiu.  A  nnalai  is  a  large 
residual  mass  in  relief  above  a  less  advanced  peneplain.  It  may  or 
may  not  display  on  its  surface  the  remnants  of  an  older  peneplain  than 
the  one  above  which  it  rises.  Since  these  two  classes  of  residuals  differ 
chiefly  in  extent,  it  will  be  readily  understood  that  no  sharp  line  can  be 
drawn  between  them.  From  one  point  of  view  a  given  residual  may  be 
regarded  as  a  unaka  and  from  another  as  a  group  of  monadnocks. 
Further,  the  classification  implies  no  invariable  relation  to  any  partic- 
ular plain  or  age,  but  only  to  degree  of  development.  It  follows  from 
the  nature  of  the  x)rocesses  involved  that  most  often  monadnocks  alone 
will  be  associated  with  the  oldest  peneplain  in  any  region,  and  that  the 
remnants  of  this  plain  will  be  preserved  upon  unakas  and  monadnocks 
rising  above  the  next  peneplain  below. 

The  processes  which  tend  to  produce  a  base-level  plain  are  embraced 
under  the  term  gradation.  This  in(;ludes  aggradation  and  degradation^ 
and  the  latter  includes  corrasion,  through  the  agency  of  flowing  water 
(also  ice),  and  erosion,  through  the  agency  of  the  complicated  forces 
which  tend  to  the  lowering  of  the  general  land  surface. 

The  term  gradation  period  is  employed  for  the  entire  time  during 
which  the  base-level  remains  in  one  position ;  that  is,  the  interval  between 
two  elevations  of  the  earth's  surface  of  sufficient  magnitude  to  produce 
a  marked  change  in  the  position  of  sea  level.  Each  gradation  period 
is  divided  into  a  degradiiig  epoch  and  a  base-leveling  epoch.  In  the 
former  the  mechanical  agents  of  corrasion  are  active,  while  in  the 
latter,  during  which  an  actual  plain  is  being  formed,  the  chemical 
agents  of  erosion  are  chiefly  effective. 

1  The  term  unaka,  used  here  for  the  first  tim6  in  a  generic  sense,  is  derived  from  the  Unaka  Moun- 
tains of  East  Tennessee  and  North  Carolina,  which  may  be  regarded  as  the  type  of  the  land  forms  to 
•which  the  name  is  applied. 
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The  above  is  not  intended  as  a  comi)rehensive  analysis  of  topographic 
forms  or  agencies,  but  simply  to  define  the  meaning  which  will  be 
attached  to  a  few  terms  in  the  present  imper. 

CLASSIFICATION  OF  RELIEF  WITH  REFERENCE  TO  PENEPLAINS. 

Having  examined  the  topography  of  the  disirict  in  some  detail  and 
discussed  the  two  factors  which  have  largely  determined  its  forms  of 
relief,  we  may  now  consider  the  origin  of  these  forms  in  a  somewliat 
broader  way.  From  even  a  cursory  examination  of  the  region  or  of  a 
contour  map  by  which  its  relief  is  represented  (Pis.  II  and  III),  it  is 
evident  that  the  dominating  features  in  its  topography  are  three  base- 
level  plains  or  peneplains,  separated  by  vertical  intervals  which  vary 
considerably  in  different  parts  of  the  district.  The  three  peneplains  may 
for  convenience  be  designated  from  the  regions  in  which  each  is  most 
perfectly  displayed ;  viz :  (1)  the  Cumberland,  (2)  the  Highland  Kim,  and 
(3)  the  Coosa. 

THE  CUMBERLAND  PENEPLAIN. 

Relation  to  slightly  undulating  strata. — To  the  casual  observer  the  level 
surface  of  the  Cumberland  and  adjoining  plateaus  appears  to  be  due 
wholly  to  the  presence  of  horizontal  beds  of  resistant  sandstone.  A 
more  careful  examination,  however,  discloses  the  fact  that  the  plateau 
surface  does  not  always,  or  even  generally,  coincide  with  a  particularly 
resistant  bed.  It  is  true  the  small  isolated  mesas  are  usually  capped 
by  a  hard  stratum,  but  when  the  broader  plateau  areas  are  considered 
the  surface  is  found  to  be  composed  of  soft  shale  as  well  as  of  harder 
sandstone.  Again,  the  strata  are  not  so  nearly  horizontal  as  the  gen- 
eral plateau  surface,  which  to  a  considerable  extent  truncates  hard  and 
soft  beds  alike.  Hence  it  is  evident  that  this  surface  is  the  result  of 
degradation — that  it  is  an  imperfectly  preserved  base-level  plain. 

Development  in  the  central  jmrtion  of  the  district. — Since  the  grada- 
tion which  produced  the  plain  was  sufficiently  long  continued  to  reduce 
the  plateau  sandstones  nearly  to  base-level,  its  effects  should  be  found 
elsewhere  in  the  district.  The  less  resistant  rocks  of  the  valley  belt 
were  doubtless  even  more  perfectly  reduced  than  those  of  the  plateau, 
but  they  have  not  been  able  to  withstand  the  subsequent  erosion  to 
which  the  whole  region  has  been  subjected,  and  no  remnants  of  tlie 
Cumberland  Plain  are  found  within  this  belt. 

Development  in  the  eastern  portion  of  the  district. — In  the  inoiintjiin 
and  piedmont  belts  to  the  east,  the  plain  was  ai)parently  developed 
only  upon  the  highly  feldspathic rocks  and  the  least  altered  slates,  w  hilo 
the  nonfeldspathic  conglomerates  and  indurated  slates,  then,  as  now, 
formed  considerable  elevations  above  base-level.  The  best- preserved 
remnants  of  the  ])lain  in  this  eastern  ])ortion  of  the  distri(;t  are  found 
to  the  east  and  south  of  I>eans  Mountain,  forming  a  ])latlorm  fioni 
which  rises  tlie  southern  end  of  the  Unaka  Range;  they  alsooctcur  south 
of  this  range  in  Mountaintown  and  Talking  Rock  basins.    iStill  farther 
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south  in  the  piedmont  the  plain  was  more  perfectly  developed,  but 
conditions  which  favored  complete  reduction  also  favored  subsequent 
dissection,  so  that  only  small  remnants  are  left.  A  short  distance 
bejond  the  limits  of  the  district,  however,  the  conditions  for  the  preser- 
vation of  the  plain,  although  of  a  different  kind,  have  been  almost  as 
favorable  as  in  the  Cumberland  Plateau,  and  large  areas  of  its  surface 
remain  practically  intact. 

Variations  in  altitude, — If  the  plain  which  can  thus  be  reconstructed 
from  the  remnants  found  in  various  parts  of  the  region  was  at  one  time 
near  the  base-level  of  erosion,  it  must  then  have  been  approximately 
horizontal.  At  present,  however,  it  shows  considerable  variation  in 
altitude,  and  it  is  inferred  that  the  oscillations,  of  which  the  net  result 
has  been  elevation  to  its  present  position,  were  accompanied  by  con- 
siderable warping. 

In  the  plateau  division  the  altitude  of  the  reconstructed  plain  at  the 
southern  edge  of  the  district  is  about  1,200  feet  above  sea  level.  From 
this  it  increases  gradually  to  a  maximum  of  2,000  feet  along  a  line 
crossing  the  plateau  from  Sewanee  I^.  60°  E.  This  increase  in  altitude 
gives  the  plain  a  grade  of  about  10  feet  to  the  mile. 

To  the  north  of  this  axis  of  maximum  elevation,  and  west  of  the 
Sequatchie  anticline,  its  altitude  decreases  slightly,  to  1,800  feet  at  the 
edge  of  the  district,  while  east  of  the  anticline  the  descent  is  more 
rapid,  reaching  1,600  feet  near  the  Emory  Kiver.  On  the  eastern  side 
of  the  valley  there  is  a  similar  increase  in  altitude  from  1,200  feet,  at 
the  southern  edge  of  the  district,  to  about  1,700  feet  near  t  he  Hiwassee 
Eiver.  The  plain  also  shows  a  descent  of  about  200  feet  from  a  meridian 
through  the  center  of  the  district  to  its  eastern  edge.  It  is  thus  seen 
that  if  the  plain  has  been  properly  reconstructed  the  warping  has  pro- 
duced an  irregular  dome-shaped  elevation,  whose  apex  is  a  little  north 
and  west  of  the  center  of  the  district. 

Hypothesis  of  diverse  base-levels. — An  alternative  hypothesis  should, 
however,  be  considered,  viz :  That  instead  of  a  single  warped  base-level 
plain,  the  remnants  above  described  belong  to  two  or  more  distinct 
peneplains  formed  during  successive  periods  of  gradation  at  succes- 
sively lower  levels.  When  two  base-leveled  areas  are  formed  in  the 
same  region  at  different  elevations,  this  is  the  natural  conclusion,  and 
their  correlation,  with  the  inference  of  warping,  is  an  hypothesis  on 
which  rests  the  burden  of  proof. 

CORRELATION  OF  PENEPLAINS. 

The  evidence  on  which  the  conclusion  rests  in  this  and  most  other 
cases  may  be  very  briefly  considered.  Correlations  are  easy  in  propor- 
tion to  the  extent  and  continuity  of  the  peneplains  under  considera- 
tion. Hence  the  difficulties  are  greatest  with  very  old  or  very  young 
plains— in  the  case  of  the  former,  because  subsequent  degradation  has 
generally  left  only  isolated  remnants,  and  in  the  case  of  the  latter, 
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because  gradation  lias  reduced  ouly  limited,  areas  to  base-level;  in  both 
the  element  of  continuity  is  lacking. 

By  continuous  tracing. — A  base-level  i)lain  is  sometimes  so  perfectly 
preserved,  that  it  can  be  traced  continuously  for  long  distances,  within 
which  it  shows  notable  change  in  altitude.  This  is  the  most  satis- 
factory method  of  correlating  different  areas,  but  its  application  is 
somewhat  exceptional.  A  case  in  which  it  can  be  applied  is  on  the 
Sand  Mountain  Plateau,  the  continuation  of  Walden  Plateau,  south- 
westward  from  the  Tennessee  gorge.  For  a  distance  of  75  miles  within 
the  district  this  plateau  has  a  smooth  surface,  unbroken  either  by 
depressions  or  by  eminences.  Its  uniformity  is  not  due  to  the  control- 
ling position  of  any  resistant  stratum,  for  a  variety  of  beds,  both  hard, 
and  soft,  come  to  the  surface.  It  Avas  unquestionably  the  product  of  a 
single  period  of  base-leveling,  and  was  originally  nearly  horizontal, 
though,  as  stated  above,  it  now  varies  in  altitude  from  1,200  to  1,800 
feet. 

By  degree  of  dissection. — Two  peneplains  formed  in  the  same  region 
on  similar  rocks,  but  during  successive  gradation  periods,  will  neces- 
sarily show  distinctly  different  degrees  of  preservation,  since  the  older 
I)eneplain  will  have  been  subjected,  to  degradation  during  the  entire 
period  in  which  the  younger  one  was  formed,  in  addition  to  the  degrada- 
tion of  subsequent  periods  which  both  have  suffered  in  common;  or, 
stated  in  general  terms,  where  other  conditions  are  approximately  the 
same,  the  dissection  of  elevated  peneplains  is  roughly  proportional  to 
the  time  during  which  they  have  been  subjected  to  stream  corrasion. 
Applying  this  formula  of  correlation  or  differentiation  to  the  case  in 
hand,  it  will  be  noted  in  the  first  place  that  there  is  no  particular  degree 
of  dissection  associated  with  any  particular  altitude.  In  general  the 
portions  of  the  plain  having  the  greatest  altitude  are  most  deeply  dis- 
sected, but  this  i.s  due  chiefly  to  the  fact  that  the  efficiency  of  corrasion 
increases  rapidly  with  increased  declivity,  and  hence  is  greatest  where 
the  interval  between  present  and  former  base  levels  is  greatest.  It  is 
manifest  that  the  largest  areas  of  the  plain  at  2,000  feet  could  not  have 
been  preserved  in  their  present  condition  during  a  gradation  period 
long  enough  for  the  pi  oduction  of  the  very  perfect  plain  on  similar  rocks 
800  feet  lower. 

Comjiaring  the  different  areas  east  of  the  valley  belt  which  have 
been  correlated  as  parts  of  the  same  base-level  plain,  it  is  found  that, 
when  allowance  is  made  for  differences  in  local  conditions,  all  show 
approximately  the  same  degree  of  dissection,  although  the  altitudes 
vary  from  1,100  to  1,700  feet. 

The  two  principles  above  stated,  continuity  and  reJative  dissection^ 
but  chiefly  the  first,  are  sufficient  for  the  correlation  of  the  various 
base-leveled  areas  in  the  i)lateau  region  as  a  single  delbrined  ])eiie|)lain. 
They  an^  also  both  applicable,  but  chielly  the  second,  to  the  coi  relation 
of  the  base  leveled  areas  east  of  the  valley  as  a  single  peneplain.  For 
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the  correlation  of  these  two  plains,  however,  other  evidence  must  be 
sought,  since  they  are  nowhere  continuous,  being  separated  by  a  broad 
belt  of  lowland,  and  since  both  the  character  and  the  structure  of  the 
strata  are  so  different  that  no  strict  comparison  can  be  made  as  to 
relative  dissection. 

By  coincidence  of  ^projected  ^plains. — Wherever  the  deformation  of  a 
base-level  plain  has  been  determined  with  certainty,  it  is  found  to  be 
in  broad,  gentle  undulations,  the  elevations  generally  taking  the  form 
of  elongated  domes.  Very  abrupt  changes  in  slope  are  rare,  and  hence 
a  gradient  determined  upon  a  remnant  of  a  base-level  plain  may  be  con- 
tinued for  a  considerable  distance  beyond  its  margin  with  a  fair  degree 
of  certainty.  In  this  way  base-leveled  areas  rather  widely  separated, 
both  horizontally  and  vertically  maybe  correlated  as  a  single  defonned 
plain.  Apply  this  principle  to  the  present  case.  The  base-level  plain 
in  the  eastern  part  of  the  district  rises  gradually  toward  the  northwest, 
while  the  eastern  portion  of  the  plain  in  the  plateau  region  descends 
with  about  the  same  gradient  toward  the  southeast.  If  the  two  gradi- 
ents be  continued  across  the  intervening  valley,  they  will  exactly  coin- 
cide, and  hence  it  is  inferred  that  the  base-leveled  areas  on  opposite 
sides  of  the  valley  are  portions  of  a  single  deformed  plain  originally 
continuous. 

By  determination  of  recent  drainage  changes. — A  fourth  means  of 
determining  deformations  of  a  peneplain,  and  hence  of  correlating  base- 
leveled  surfaces  which  are  found  at  varying  altitudes,  should  be  men- 
tioned here,  although  it  is  not  applicable  to  the  present  case.  It  is  a 
consideration  of  the  drainage.  At  the  conclusion  of  a  gradation 
period  the  streams  of  a  region  are  delicately  adjusted,  and  if  the  eleva- 
tion which  inaugurates  a  new  gradation  period  is  accompanied  by 
warping,  this  will  result  in  stream  readjustments  the  evidence  of  which 
persists  for  some  time.  Hence  recent  stream  adjustments  may  generally 
be  taken  as  indicating  deformation,  and  a  study  of  the  adjustments 
may  indicate  the  character  of  the  deformation  and  thus  lead  to  a  cor- 
relation of  base-leveled  surfaces  having  distinctly  different  altitudes. 
The  application  of  this  pinciple  is  confined  chiefly  to  recent  peneplains, 
since  the  evidence  of  stream  adjustments  does  not  persist  for  a  very 
long  time. 

RELATION  OF  RIDGE  CRESTS  TO  PENEPLAINS. 

Assuming  that  the  above  conclusions  are  correct — that  the  various 
base-leveled  areas  described  are  parts  of  a  single  deformed  plain — it  is 
a  simple  matter  to  determine  approximately  the  altitude  which  the 
plain,  if  restored,  would  have  in  any  part  of  the  valley  belt.  The  high 
valley  ridges — White  Oak  and  Chattooga  mountains — do  not  at  any 
point  reach  the  altitude  of  this  restored  plain.  The  highest  of  the 
ridges  are  about  100  feet  and  the  general  crests  200  or  300  feet  below 
it.   Do  these  high  points,  or  even  crests,  mark  another  base-level  plain 
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lower  than  the  one  thus  far  considered  I  An  affirmative  conchision  has 
been  reached '  from  a  consideration  of  similar  facts  elsewhere  in  the 
Appalachian  province,  and  the  question  is  pertinent  here.  Also  a  very 
large  measure  of  confidence  has  been  based  by  various  writers — 
particularly  by  Davis — upon  the  determination  of  base-level  plains  from 
the  altitude  of  even -crested  ridges. 

The  ridges  in  question  owe  their  relief  to  the  presence  of  an  excep- 
tionally resistant  stratum  of  sandstone  between  less  resistant  limestones 
and  shales.  They  owe  their  narrow,  linear  form  to  the  steep  inclination 
of  the  resistant  stratum  which  carries  it  below  base-level  within  narrow 
horizontal  limits.  The  ridges  are  in  the  main  monoclinal,  though  some 
portions  are  synclinal  and  anticlinal.  The  crest  of  each  lidge  is 
remarkably  uniform  in  height,  except  that  the  synclinal  points  are 
usually  somewhat  higher  than  the  monoclinal  portions.  There  is, 
however,  some  difference  in  height  between  adjacent  parallel  ridges, 
and  this  difference  appears  to  be  closely  correlated  with  slight  differ- 
ences in  the  character  of  the  resistant  stratum  or  its  dip. 

Considering  the  final  stages  in  the  process  of  gradation  by  which 
this  base-level  plain  was  produced,  it  seems  probable  that  the  outcrops 
of  this  resistant  stratum  were  marked  by  slight  elevations  above  the 
adjoining  perfect  plain.  The  final  reduction,  except  where  erosion  was 
supplemented  by  corrasion,  could  be  accomplished  only  by  solution, 
and  the  character  of  the  rocks  must  have  caused  the  reduction  of  these 
areas  to  lag  slightly  behind  that  of  the  soluble  limestones  or  of  the 
softer  Coal  Measure  sandstones  and  shales  farther  west.  When  active 
degradation  was  again  inaugurated  by  uplift  of  the  whole  region,  the 
limestones  were  first  removed,  leaving  the  horizontal  sandstones  in 
relief  as  broad  plateaus  and  the  steeply  inclined  sandstones  as  narrow 
ridges.  Erosion  attacked  the  plateaus  actively  on  their  margins,  but 
was  practically  powerless  to  reduce  their  summits.  Hence,  while  the 
area  of  the  plateaus  became  constantly  smaller,  those  portions  which 
were  left  preserved  the  old  base-leveled  surface  practically  intact.  The 
case  was  very  different,  however,  with  the  inclined  sandstones  of  the 
ridges.  Although  in  themselves  more  resistant  than  those  forming 
the  plateaus  and  less  perfectly  reduced  in  the  former  gradation  period, 
they  could  not  for  any  considerable  time  retain  their  former  crests 
under  the  new  conditions.  As  their  relief  became  more  pronounced  by 
the  lowering  of  soft  beds  on  either  side,  erosion  bec-ame  active,  and 
they  must  have  undergone  a  gradual  reduction  toward  tlic  new  base- 
level.  Moreover,  the  process  of  degradation  is  very  uniform  on  such  a 
ridge  crest,  where  corrasion  is  practically  absent  and  only  tlie  forces  of 
erosion  are  in  play.  Hence  if  the  ridge  crest  was  originally  level  it 
might  remain  so  indefinitely  or  until  it  had  been  reduced  far  below 
the  former  surface  of  the  base-level  plain.  The  rat(^  of  lowering  of  the 
crest  would  be  modified  by  differences  in  structure  or  character  of  the 
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resistant  stratum,  produciug  precisely  sach  differences  in  altitude  as 
are  observed  in  the  ridges  under  consideration.  Hence  the  conclusion 
is  reached  that,  while  the  even  crest  of  a  ridge  indicates  the  probability 
of  former  reduction  nearly  to  base-level,  it  does  not  serve  to  determine 
the  altitude  of  a  base-leveled  surface.  It  may  coincide  with  such  a 
restored  surface,  but  the  coincidence  will  be  purely  accidental. 

Even-crested  ridges  may  sometimes  be  employed  indirectly  in  restor- 
ing a  base-level  plain.  Thus  the  crest  of  White  Oak  Mountain  is 
ascertained,  by  the  means  described  above,  to  be  about  300  feet  below 
the  restored  surface.  Similar  ridges  in  the  region  south  of  the  district 
are  composed  of  beds  having  about  the  same  resistance  and  the  same 
structure.  Hence  it  is  probable  that  the  rate  of  reduction  may  be 
not  far  different  in  the  two  cases,  and  that  the  former  base-level,  if 
restored,  would  be  about  the  same  distance  above  them.  It  will  be 
readily  seen  that  the  problem  contains  so  many  unknown  factors  that 
the  conclusion  reached  is  to  be  regarded  with  considerable  suspicion. 

RESIDUALS  ON  THE  CUMBERLAND  PLAIN. 

In  the  foregoing  account  of  the  Cumberland  peneplain  it  has  been 
treated  as  a  perfectly  reduced  surface.  While  it  is  probable  that  at  the 
conclusion  of  its  gradation  j^eriod  the  land  surface  was  generally  reduced 
nearly  to  base-level,  some  residual  areas  still  remained  in  relief,  and 
these  form  the  present  monadnocks,  represented  by  the  darkest  tint  on 
the  accompanying  maps  (Pis.  II  and  III). 

Monadnocks  in  the  eastern  portion  of  the  district. — The  monadnocks 
are  most  conspicuous  in  the  eastern  i:)ortion  of  the  district  and  beyond 
its  limits  in  the  Appalachian  Mountain  belt.  The  Unaka  Mountains 
are  composed  of  a  group  of  monadnocks,  in  some  cases  approaching 
unakas  in  character,  while  the  higher  portions  of  the  outliers  on  the 
north,  and  the  interior  mountain  groups  on  the  south,  form  typical  iso- 
lated monadnocks.  The  latter  rise  with  surprising  abruptness  from 
the  even  surface  of  the  peneplain. 

Monadnocks  in  the  'plateau  division. — In  the  plateau  division  the 
monadnocks  are  less  conspicuous,  particularly  in  the  southern  portion 
of  the  district,  where  the  surface  must  have  been  reduced  to  a  very 
perfect  plain.  They  are  of  two  kinds.  The  first  includes  those  which 
occur  along  the  western  edge  of  Walden  Plateau,  together  with  the 
Crab  Orchard  Mountains  and  a  few  high  ]3oints  toward  the  northern 
end  of  Lookout  Mountain.  These  are  composed  of  more  or  less  steeply 
inclined  strata,  generally  an  unusually  resistant  bed  of  massive  con- 
glomerate. The  second  class  includes  the  isolated  knobs  or  mesas, 
which  rise  from  100  to  300  feet  above  the  general  level  of  the  plateau. 
They  are  composed  of  horizontal  strata,  and  although  sometimes  capped 
by  a  bed  of  conglomerate,  are  more  often  made  up  entirely  of  compara- 
tively soft  sandstones  and  shales.  The  significance  of  this  last  class  of 
monadnocks  will  be  pointed  out  on  a  subsequent  page. 
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THE  HIGHLAND  ETM  PENEPLAIN. 

Development  and  preservation  on  the  Highland  Kim. — Tii  the  foregoing- 
description  of  the  topography  of  the  district  a  broad  area  of  level 
country  was  noted  lying  west  of  tlie  Cumberland  Plateau.  Its  surface 
is  scarcely  trenched  by  stream  channels,  except  near  its  western  margin, 
which  borders  on  the  lowlands  of  middle  Tennessee.  This  Highland 
Eim  is  the  best-preserved  portion  of  the  next  peneplain  below  the  one 
already  described,  and  is  regarded  as  the  type  locality  from  which  the 
whole  is  named.  As  in  the  former  case,  the  preservation  of  a  base- 
leveled  surface  is  due  largely  to  the  presence  of  the  resistant  beds 
along  its  outer  margin;  but  while  these  beds  have  been  ethcient  in  its 
preservation,  they  did  not  control  gradation  during  its  formation,  since 
they  have  a  gentle  dip  eastward  and  the  plain  is  found  truncating 
beds  of  widely  different  degrees  of  resistance  in  its  different  portions. 

Development  and  preservation  in  the  valley  belt. — In  the  valley  belt 
the  peneplain  was  generally  developed,  although  its  surface  was  prob- 
ably not  so  near  a  perfect  plain  as  on  the  Highland  lUm,  since  the 
rocks  encountered  are  much  more  variable  in  composition  and  the 
different  varieties  occur  in  long,  narrow  strips.  The  degradation  of 
the  several  varieties  goes  on  at  different  rates,  so  that  while  some  areas 
were  perfectly  reduced  others  lagged  slightly  behind  and  formed  low 
monadnocks  to  the  end  of  the  base-leveling  epoch.  The  conditions 
which  were  unfavorable  for  uniform  reduction  were  also  unfavorable 
for  the  preservatiori  of  the  i)lain,  so  that  no  considerable  areas  are  pre- 
*  served  In  the  valley  belt.  Nevertheless,  to  an  observer  looking  across 
the  belt  from  any  altitude  above  1,000  feet  on  either  side  the  existence 
of  a  peneplain  is  at  once  manifest.  The  great  majority  of  hills  and 
ridges  reach  nearly  to  a  common  altitude,  above  which  a  few,  as  White 
Oak  and  Chattooga  mountains,  stand  up  conspicuously.  The  pene- 
plain, so  far  as  it  is  x^reserved  at  all,  throughout  tlie  valley  belt  is 
upon  rocks  of  intermediate  resistance,  chiefly  siliceous  limestones  and 
sandy  shales.  Considerable  areas  of  such  rocks  occur  southeast  of  the 
Coosa  Valley,  and  in  these  the  peneplain  is  fairly  well  shown.  In  the 
narrow  anticlinal  valleys  some  areas  are  preserved  upon  limestones, 
but  this  is  due  to  favorable  location  and  the  presence  near  by  of 
massive  residuals. 

Altitude  and  deformation, — Elsewhere  in  the  Appalachian  province  a 
peneplain,  probably  corresponding  in  age  to  the  one  under  considera- 
tion, shows  decided  deformation,  but  within  the  limits  of  this  district 
the  Highland  Eim  plain  retains  a  very  uniform  altitude.  Upon  the 
Higliland  Kim  it  is  aj)proximately  1,000  feet  above  sea  level,  while  in 
the  valley  belt  its  altitude  is  about  1,1 '>()  feet  at  the  northeastern  corner 
of  the  district  and  0.">0  feet  at  the  southern  edge.  This  diflcrence  in 
altitude  of  liOO  feet  is  doubtless  two  or  three  times  as  great  as  the  differ 
ence  which  i^revailed  in  the  same  region  during  the  base-leveling  epoch, 
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and  lience  the  district  lias  suffered  a  slight  southward  tiltiug  since  the 
formation  of  the  peneplain  and  jjrobably  also  a  slight  differential  ele- 
vation along  a  meridian  i)assing  a  little  west  of  Chattanooga. 

RESIDUALS  ON  THE  HIGHLAND  RIM  PENEPLAIN. 

The  residuals  which  rise  above  the  Highland  Rim  peneplain  are 
represented  on  the  maps  (Pis.  II  and  III)  by  the  gray-tinted  areas. 
They  are  very  much  more  extensive  than  the  Cumberland  Plain  resid- 
uals, since  they  embrace  all  of  the  latter  and  in  addition  all  areas  on. 
which  the  older  peneplain  is  preserved.  They  include  monadnocks  and 
unakaSj  both  tyi:)ically  developed. 

Monadnocks  on  the  Rigliland  Rim. — On  the  Highland  Eim  itself  Short 
Mountain  is  one  of  the  best  examples  of  the  first  class  of  residuals. 
It  is  perfectly  isolated  and  rises  with  steei^  slopes  abruptly  from  the 
level  plain.  Its  summit  probably  reaches  approximately  to  the  alti- 
tude which  the  higher  plain  would  have  if  restored  over  this  region. 
It  is  difficult  to  give  a  reason  for  the  preservation  of  this  monadnock 
during  the  gradation  period  which  was  sufficient  for  the  production  of 
so  perfect  a  plain  as  the  one  surrounding  it.  Its  location  at  a  distance 
from  main  drainage  lines  may  have  been  the  most  important  factor. 
The  capping  of  horizontal  conglomerate  doubtless  enabled  it  to  retain 
its  original  altitude  while  its  area  decreased  by  lateral  waste. 

The  level  surface  of  the  plain  is  interrupted  by  many  monadnocks 
along  the  eastern  margin  of  the  Highland  Eim.  These  are  portions  of 
the  adjacent  plateau  which  have  been  detached  by  the  active  corrasion 
of  streains  originally  flowing  ui)on  the  plateau  surface.  Many  have 
lost  their  sandstone  cap  and  have  the  form  of  rounded  hills^  which  are 
being  rapidly  reduced  to  the  level  of  the  i^lain,  chiefly  by  chemical 
erosion. 

Plateau  unalms. — The  broad  plateau  areas  on  which  the  surface  of 
the  Cumberland  iieneplain  is  so  well  preserved  form  unakas  when  con- 
sidered with  reference  to  the  Highland  Eim  i)eneplain.  They  are  sep- 
arated into  several  more  or  less  distinct  unakas  by  the  base-leveled 
anticlinal  valleys. 

Monadnocks  in  the  valley  belt. — In  the  valley  belt  the  two  classes 
of  elevations  already  described  constitute  two  types  of  monadnocks. 
The  first  class  includes  the  low  hills  or  ridges  upon  rocks  of  medium 
resistance,  which  rise  one  or  two  hundred  feet  above  the  general  level 
of  the  peneplain.  These  represent  the  lag  of  certain  areas,  due  to 
location  or  rock  character,  slightly  behind  the  general  surface  in  the 
process  of  reduction.  The  second  class  includes  the  ridges  which  rise 
prominently  above  this  peneplain  nearly  to  the  level  of  the  one  above. 
They  represent  areas  of  distinctly  more  resistant  beds,  which  have 
been  unable  to  retain  the  older  peneplain  only  by  reason  of  their 
unfavorable  structure.    While  these  valley  ridges  have  the  essential 
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characteristics  of  inonadnocks,  they  show  distinct  diftereuces  from  the 
original  type,  depending  directly  upon  their  structure. 

TJnakas  east  of  the  valley  belt. — East  of  the  valley  belt  the  residuals 
above  the  Highland  Eim  peneplain  are  even  more  extensive  than  in 
the  plateau  belt.  The  preserved  areas  of  the  Cumberland  Plain  form  a 
high  platform,  above  which  rise  the  isolated  and  grouped  monadnocks 
already  described.  Taken  together  and  considered  with  reference  to 
the  lower  base-level,  they  form  the  typical  unaka. 

THE  COOSA  PENEPLAIN. 

Loicland  valleys. — In  describing  the  topography  of  the  district  a 
series  of  lowland  valleys  was  noted  only  a  short  distance  above  the 
present  channels  and  flood  plains  of  the  streams.  These  valleys  con- 
stitute the  third  and  lowest  peneplain  which  can  be  distinguished  in 
this  region.  Their  extent  is  indicated  by  the  yellow  tint  on  the  maps 
(Pis.  II  and  III)  bordering  most  of  the  larger  streams.  The  Coosa 
peneplain  is  contined  to  areas  of  easily  erodible  rocks,  though  not  all 
areas  of  such  rocks  have  been  reduced  to  this  level,  but  only  such  as 
were  rather  favorably  located  with  reference  to  drainage  lines.  The 
Coosa  '^flatwoods"  constitute  the  largest  area  of  the  i)eueplaiii.  This 
region  is  underlain  by  calcareous  shales  and  limestones,  which  are 
planed  off'  to  a  level  surface,  on  which  are  frequently  formed  deposits  of 
gravel  and  silt.  These  unconsolidated  dei)osits  appear  to  have  been 
connected  with  the  final  stages  of  the  base-leveling  epoch,  or  possibly 
with  the  oscillations  and  changes  in  grade  which  closed  the  epoch. 
Their  i^resence  indicates  its  recency. 

Relation  to  the  Tennessee- Coosa  divide, — The  Coosa  peneplain  is  not 
developed  across  the  Tennessee-Coosa  divide  at  any  point,  a  fact  which 
proves  that  the  present  arrangement  of  the  main  drainage  lines  in  the 
two  basins  was  established  prior  to  this  last  gradation  i)eriod. 

Altitude  and  deformation. — The  altitude  of  the  Coosa  peneplain  is 
something  over  700  feet  at  the  southern  edge  of  the  district  and  about 
100  feet  higher  at  the  northern  edge.  This  slope  is  but  little  more  than 
the  normal  grade  of  a  base-leveling  stream,  so  that  the  region  has  prob- 
ably suffered  only  a  slight  deformation  since  the  close  of  the  last  grada- 
tion period.  When  examined  in  minute  detail  considerable  variation 
is  discovered  in  the  altitude  of  various  portions  of  this  peneplain.  Also 
base-leveled  surfaces  are  found  at  all  altitudes  up  to  and  even  above  the 
next  higher  peneplain.  These  are  not  to  be  taken  as  indicating  distinc^t 
base-leveling  epochs,  but  simply  as  representing  th(i  inlluencc  of  local 
conditions.  They  depend  upon  the  existence  of  local  base-levels  and  are 
to  a  large  extent  independent  of  the  f/eneral  base-level.  They  illustrate 
the  extreme  complexity  of  the  gradation  process  when  followed  into  its 
details  and  the  manner  in  which  every  possible  i)lias('  of  the  ])rocess 
may  generally  be  found  in  a  single  region  of  moderate  extent. 
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GEOMORPHOGEXY. 
ORIGIN  OF  THE  PENEPLAINS. 

Theory  of  suhaerial  denudation. — In  the  foregoiog  account  of  the  three 
peneplains  which  are  distinguished  in  this  region,  as  well  as  in  all  pre- 
vious discussion  of  these  or  other  peneplains  in  the  Appalachian  prov- 
ince, ifc  has  been  tacitly  assumed  or  explicitly  stated  that  they  are  the 
product  of  subaerial  gradation.  That  the  forces  involved  in  this  proc- 
ess are  competent  to  produce  such  peneplains  is  a  proposition  from 
which  there  is  little  if  any  dissent,  at  least  among  American  geologists. 
There  is,  however,  another  process  considered  by  some  even  more  com- 
petent to  produce  the  effects  observed,  namely,  the  process  of  marine 
denudation.  The  opposing  views  have  been  stated  by  Davis,^  with  a 
discussion  of  the  criteria  for  the  discrimination  of  plains  formed  by  the 
two  processes.  Some  of  the  tests  suggested  and  others  applicable  in 
this  region  may  be  briefly  considered. 

Theory  of  marine  denudation. — If  the  plains  are  the  product  of  wave 
action  there  should  be  unmistakable  signs  of  the  instrument  by  which 
they  were  produced.  In  the  first  place,  there  should  be,  resting  upon 
the  cut  surface,  stratified  deposits  composed  of  the  material  worn  from 
the  retreating  land  by  the  advancing  waves,  but  in  proportion  as  the 
age  of  the  peneplain  is  great  the  probability  of  these  unconsolidated 
materials  remaining  is  small,  so  that  this  test  is  less  applicable  to  the 
higher  and  older  i^lains  than  to  the  lower  ones,  i^othing  resembling  a 
marine  deposit  occurs  on  either  of  the  plains,  even  where  the  conditions 
are  such  as  to  favor  its  preservation.  It  is  true  that  some  deposits  of 
silt  and  gravel  are  found  at  certain  points  on  the  Highland  Rim  and 
Ooosa  plains,  but  these  are  clearly  alluvial  and  not  marine.  They  are 
generally  associated  with  the  larger  streams,  and  the  coarse  material  is 
always  of  foreign  and  not  local  origin,  as  it  would  be  if  it  were  the 
product  of  beach  action. 

In  some  cases  where  no  deposits  are  now  to  be  found  on  an  erosion 
surface  their  former  existence  is  demonstrated  by  the  present  stream 
courses,  which  show  a  discordance  with  the  structure.  Having  their 
channels  determined  while  flowing  upon  the  uniform  surface  of  hori- 
zontal beds,  they  are  superposed,  by  subsequent  erosion,  upon  the 
underlying  hard  and  soft  beds  in  a  manner  distinctly  different  from 
that  which  they  would  have  assumed  by  the  process  of  adjustment. 
Such  cases  of  sux)erposition,  which  are  abundant  in  some  regions,  are 
rare  in  this,  and  most  of  the  cases  which  do  occur  may  be  explained  in 
other  ways.  A  striking  case,  which  might  be  taken  for  inheritance 
from  an  overlying  terrane,  is  the  course  of  the  Tennessee  after  it  leaves 
the  valley  at  Chattanooga  and  turns  westward  across  the  Walden 
Plateau.    The  anomalous  course  of  this  river  has  been  fully  discussed 


iPlains  of  marine  and  subaerial  denudation,  W.  M.  Davis:  Bull.  Geol.  Soc.  Am.,  Vol.  Vll,  1896,  pp. 
377-398. 
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by  Haj-es  aud  Campbell,^  whose  conclusion  there  seems  no  reason  to 
question.  A  comparison  of  the  Tennessee  gorge  through  Walden 
Plateau  with  other  parts  of  its  valley  shows  that  the  river  must  have 
found  its  outlet  to  the  west  after  the  Appalachian  Yalley  had  been 
excavated  nearly  to  its  present  depth ;  that  is,  at  or  near  the  close  of  the 
Highland  Kim  gradation  period,  and  hence  it  can  not  at  this  point  be 
superposed  from  beds  which  might  have  rested  upon  the  Cumberland 
Plain.  There  seems  to  be  no  evidence,  then,  that  any  stratified  depos- 
its have  ever  been  spread  over  the  erosion  surface  in  this  region,  and, 
if  this  is  the  case,  there  is  strong  probability  that  the  plain  was  not 
formed  by  marine  denudation. 

Further  evidence  may  be  obtained  from  an  examination  of  the  mar- 
gins of  the  plains.  A  wave-cut  escarpment  has  certain  well-marked 
characteristics  which  should  permit  easy  discrimination.  One  feature 
is  its  linear  character.  Waves  are  most  effective  agents  of  erosion  upon 
projecting  headlands,  where  their  force  is  least  checked  by  an  expanse 
of  shallow  water  and  where  the  products  of  erosion  are  most  rapidly 
removed.  Hence  the  tendency  is  for  the  waves  to  cut  regular  escarp- 
ments, having  long  sweeps  and  gentle  curves.  Only  where  the  rocks 
present  the  greatest  diversity  in  hardness  will  the  sea  cliff  present 
curves  of  small  radius.  Further,  the  qualities  which  make  rocks  capa- 
ble of  resisting  erosion  by  waves  are  quite  different  from  those  which 
enable  them  to  withstand  subaerial  degradation.  In  other  words,  erodi- 
bility  of  a  rock  depends  on  one  set  of  qualities  when  waves  are  the 
active  agent  and  on  another  set  when  subaerial  agents  act.  In  the 
latter  case  the  most  important  feature  is  the  presence  or  absence  of  a 
soluble  constituent.  In  case  of  marine  erosion,  on  the  other  hand, 
solubility  is  of  minor  importance,  and  a  pure  limestone,  if  free  from 
joints  and  fractures,  may  resist  wave  action  longer  than  a  sandstone. 

When  the  two  j)eneplains,  but  more  particularly  the  two  lower  ones, 
where  they  are  in  contact  with  an  unreduced  residual,  are  examined 
with  these  two  points  in  view,  they  are  found  to  exhibit  none  of  the 
characteristics  which  should  belong  to  plains  of  marine  denudation. 
As  already  noted,  the  escarpment  of  the  Cumberland  Plateau  facing 
upon  the  Highland  Rim  is  extremely  irregular.  Salient  spurs  project 
far  out  from  the  plateau,  where  they  would  have  been  exposed  to  the 
full  violence  of  the  waves  had  the  plain  been  carved  by  such  agents, 
and  these  spurs  are  not  composed  of  exceptionally  hard  rock,  but,  as 
will  be  shown  later,  owe  their  preservation  to  tlieir  ])Osition  with  refer- 
ence to  the  streams.  Even  if  it  be  conceded  as  possible  that  the  High- 
land Rim  plain  may  have  been  formed  by  waves  in  middle  Tennessee, 
the  same  origin  can  not  ])ossibly  be  ascribed  to  the  corr('si)()n(lin<4-  ])lain 
in  the  Sequatchie  and  Appalachian  valleys.  The  relation  between  r()(;k 
solubility  and  lowland  is  here  so  marked  that  there  can  be  no  possible 
doubt  of  the  lowland  having  been  produced  by  subaerial  degradation. 

'Geoinorphology  of  the  Southern  Appalachians,  C.  W.  Hayes  and  M.  R.  Campbell :  Nat.  Geog.  Mag., 
Vol.  VI,  1894,  pp.  63-126. 
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Conclusion. — lu  the  presence  of  so  much  evidence  it  seems  safe  to 
conclude  that  wave  action  had  no  part  in  the  formation  of  these  pene- 
plains, but  that  they  are  the  product  of  subaerial  erosion,  the  process 
of  degradation  by  which  all  land  surfaces  are  being  brought  slowly  but 
surely  toward  sea  level — the  base-level  of  erosion. 

DRAINAGE  OF  THE  DISTRICT. 

The  description  of  drainage  might  properly  be  included  in  the  first 
part  of  this  paper  under  the  Geomorphology  of  the  district,  but  since 
the  streams  have  been  in  large  measure  the  active  agents  in  producing 
the  present  and  past  land  forms  their  consideration  was  deferred  and 
included  in  this  second  part,  the  Geomorphogeny,  which  deals  with  the 
origin  of  the  land  forms. 

RIVER  SYSTEMS. 

The  streams  of  this  region  belong  to  three  distinct  river  systems,  the 
Cumberland,  Tennessee,  and  Coosa.  The  first  two  are  parts  of  the 
larger  Mississippi  system,  while  the  Coosa  helps  form  the  Alabama 
Eiver,  and  thence  flows  to  the  Gulf.  The  areas  within  the  drainage  of 
these  several  rivers  are  indicated  on  the  accom^Danying  maps  (Pis.  IV 
and  Y),  on  which  broad  brown  lines  follow  the  main  divides  and 
the  narrow  broken  lines  follow  secondary  divides,  outlining  some  of 
the  more  important  subordinate  basins.  The  northwestern  portion 
of  the  district  is  in  the  basin  of  Cumberland  Eiver,  for  the  most  part 
drained  by  Cauey  Fork  and  its  tributaries,  but  including  also  the 
head  of  Stony  Eiver.  Southwest  of  Caney  Fork  is  Elk  Eiver,  a  trib- 
utary of  the  Tennessee,  which  joins  the  latter  west  of  the  plateau. 
A  broad  belt  extending  diagonally  across  the  district  embraces  the 
area  lying  within  the  Tennessee  drainage.  This  has  been  subdivided 
into  its  more  important  basins.  Of  these  the  Sequatchie  Basin  is 
wholly  within  the  limits  of  the  district,  which  embraces  also  portions 
of  the  Emory,  Hiwassee,  and  Chickamauga  basins,  together  with  a 
larger  number  of  smaller  ones  whose  trunk  streams  do  not  attain  any 
considerable  volume  before  joining  the  Tennessee  Eiver. 

Finally,  the  southeastern  third  of  the  district  embraces  a  considerable 
portion  of  the  Upper  Coosa  Basin.  The  Conasauga-Oostanaula-Coosa 
forms  the  trunk  stream  which  receives  two  large  tributaries,  the  Coosa- 
wattee  and  Etowah,  from  the  east,  and  two  somewhat  smaller,  the 
Armuchee  and  Chattooga,  from  the  west,  besides  a  large  number  of 
less  important  tributaries. 

TYPES  OF  STREAM  BASINS. 

Even  a  cursory  inspection  of  the  map  reveals  wide  differences 
between  the  streams  in  different  portions  of  the  district.  The  most 
striking  differences  are  in  the  forms  of  the  valleys  and  the  manner  in 
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which  tributaries  join  the  trunk  streams.  Compare,  for  example,  the 
valleys  of  the  Collins,  Sequatchie,  Little,  and  Hiwassee  rivers,  which 
may  be  taken  as  representing  four  distinct  tyi)es  of  drainage 
development. 

Type  J,  Collins  River. — This  stream  drains  a  broad,  oval  area.  At 
each  bifurcation  of  the  stream  the  branches  are  approximately  equal 
in  size — that  is,  there  is  no  main  trunk  which  dominates  the  basin. 
The  axis  of  the  basin,  followed  approximately  by  the  Nashville,  Chatta- 
nooga and  St.  Louis  Railroad,  is  occupied  by  a  comparatively  small 
stream.  The  plan  of  the  drainage  is  practically  the  same  in  the 
western  part  of  the  basin,  where  the  streams  are  in  shallow  depres- 
sions, on  the  Highland  liim,  and  in  the  eastern  part,  where  they  occupy 
irregular  canyon-like  valleys  cut  deeply  within  tbe  Cumberland  Plateau, 
or  shallow  depressions  upon  its  surface.  Everywhere  the  drainage  area 
is  covered  by  a  series  of  branching  streams,  with  no  regularity  in  their 
arrangement  and  no  prevalent  direction  of  flow. 

Type  IIj  Sequatchie  River. — The  striking  features  of  the  Sequatchie 
Basin  are  its  great  length  compared  with  its  breadth  and  the  dominant 
character  of  its  axial  stream.  It  is  70  miles  in  length,  while  its  greatest 
breadth  is  only  18  miles  and  its  average  breadth  less  than  10  miles. 
No  portion  of  the  Sequatchie  River  departs  so  much  as  2  miles  from 
a  straight  line  joining  its  source  and  mouth.  It  has  two  important 
tributaries,  the  Little  Sequatchie  and  Brushy  creeks,  both  joining  it 
from  the  west  in  the  lower  half  of  its  course.  There  are  no  tributaries 
of  any  size  from  the  east,  the  limits  of  the  basin  being  upon  the  extreme 
western  edge  of  the  Walden  Plateau.  Finally,  the  basin  has  a  definite 
relation  to  the  structure  of  the  region,  its  axis  coinciding  with  the  axis 
of  an  anticline. 

Ty2)e  III,  Little  River. — The  basin  of  Little  River  is  also  long  and 
narrow,  though  the  ratio  of  length  to  breadth  is  not  so  great  as  in  the 
last  case.  There  is  a  well-marked  trunk  stream  parallel  to  the  axis  of 
tbe  basin,  but  some  distance  to  the  east  of  it.  The  tributaries,  which 
are  all  from  the  west,  join  the  trunk  nearly  at  right  angles.  Finally, 
the  axis  of  the  basin  also  coincides  with  a  structural  axis,  which  in  this 
case  is  the  axis  of  a  syncline. 

Type  IV^  Ilitcassee  River. — The  Hiwassee  Basin,  or  so  much  of  it  as  is 
included  in  the  district,  combines  in  some  measure  the  characteristics 
of  Tyi)es  I  and  II.  It  has  considerable  breadth  in  pro])ortion  to  its 
length  and  a  dominant  axial  stream,  which  receives  many  tributaries 
of  about  equal  size  from  both  sides.  These  tributaries  join  the  main 
trunk  in  a  dehnite  manner,  approximately  at  right  angles.  Fach  trib- 
utary itself  occupies  a  long,  narrow  basin  stru(^turally  simihir  to  the 
Sequatchie  Basin.  The  trunk  stream,  as  in  Ty])es  II  and  III,  has  a 
definite  relation  to  the  structural  axes,  but  instead  oi'  being  i)arallel 
with  them  is  at  right  angles  to  their  trend. 
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CLASSIFICATION  OF  STREAMS. 

The  remaining  secondary  basins  of  the  region  more  or  less  closely 
conform  to  these  four  principal  types,  although  a  number  of  them  are 
themselves  composite,  containing  two  or  more  distinct  types  in  their 
subordinate  basins.  In  a  general  way  they  may  be  grouped  in  four 
classes  on  this  basis.  In  the  first  class  belong  most  of  the  basins  west 
of  the  Sequatchie  anticline,  including  tributaries  of  the  Sequatchie 
and  Tennessee  rivers.  The  second  class  includes  the  basins  occupying 
anticlines,  such  as  Wills  and  Lookout  valleys,  McLamore  and  Grassy 
coves,  and  the  basins  of  many  subordinate  streams  in  the  valley  belt. 
The  third  class  includes  the  basins  of  streams  upon  Walden  and  Look- 
out plateaus,  the  basin  immediately  west  of  Crab  Orchard  Mountains, 
and  the  subordinate  basins  occupied  by  tributaries  of  the  Armuchee. 
The  fourth  class  includes  basins  of  the  large  eastern  tributaries  of 
the  Coosa  system  and  a  number  of  smaller  basins  tributary  to  the  Ten- 
nessee north  of  Chattanooga. 

RELATIONS  OF  DRAINAGE  TO  GEOMORPHOGENY. 

Considering  the  drainage  in  its  broader  relations,  the  most  striking 
feature  is  the  anomalous  course  of  the  Tennessee  River.  From  the 
Tennessee  line  southward  the  broad  lowland  of  the  valley  belt  offers 
an  easy  and  direct  route  to  the  Gulf  j  but  the  river,  instead  of  following 
this  direct  route,  turns  westward  at  Chattanooga,  entering  a  narrow 
gorge  through  the  Walden  Plateau.  After  reaching  the  Sequatchie 
Yalley  it  turns  southward  for  a  few  miles,  and  then  again  westward 
through  the  Cumberland  Plateau,  after  which  it  turns  northward  to 
join  the  Ohio,  flowing,  to  reach  sea  level,  more  than  twice  the  distance 
that  would  be  required  if  it  remained  in  the  valley  belt.  This  peculiar 
course  of  the  Tennessee,  and  many  of  the  minor  j)eculiarities  of  drain- 
age noted  in  the  above  classification,  are  intimately  connected  with 
the  recent  geological  history  of  the  region,  which,  if  perfectly  known, 
would  fully  explain  the  origin  of  its  topographic  features  and  the  i^ro- 
cess  of  adjustment  by  which  the  drainage  has  reached  its  present  form. 
Many  phases  of  this  history  have  been  fully  discussed  by  Mr.  Camp- 
bell and  the  writer  in  a  paper  ^  to  which  reference  has  already  been 
made,  and  only  so  much  of  the  matter  contained  in  that  paper  will  be 
repeated  here  as  is  necessary  for  a  clear  understanding  of  the  subject. 
One  important  conclusion,  namely,  as  to  the  age  of  the  several  pene- 
plains above  described,  will  be  accepted  as  sufficiently  proved  for 
present  purposes  and  will  not  be  further  discussed  here.  This  conclu- 
sion makes  the  Cumberland  base-leveling  epoch  late  Cretaceous,  the 
Highland  Rim  epoch  probably  Eocene,  and  the  Coosa  epoch  Neocene. 

1  Geomorpliology  of  the  Southern  Appalachians,  C.  W.  Hayes  and  M.  R.  Campbell :  Nat.  Geog.  Mag., 
Vol.  VI,  1894,  pp.  63-126.  .  ' 
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SUBDIVISIONS  OF  GEOMORPHOGENY. 

Any  subdivision  of  the  physiograpbic  development — the  geomor- 
phogeny — of  this  region  must  be  in  some  measure  arbitrary,  since  the 
prcfcesses  have  been  continuous  in  their  operation.  Nevertheless,  the 
forces  which  have  brought  about  the  final  result,  although  continuous, 
have  not  acted  with  equal  intensity  at  all  times.  There  have  been 
periods  of  stability  and  comparative  inactivity,  alternating  with  pro- 
found revolutions.  These  revolutions  or  partial  breaks  in  the  contin- 
uous process  have  been  of  varying  degrees  of  magnitude.  Thus,  the 
Appalachian  revolution,  which  occurred  at  the  close  of  the  Carboniferous, 
entirely  changed  the  conditions  throughout  the  whole  of  the  Appalachian 
province.  It  separates  the  history  of  the  western  portion  of  the  prov- 
ince, at  least,  into  two  volumes;  in  the  earlier  volume  the  history  is 
recorded  chiefly  in  the  sediments  laid  down  upon  the  sea  bottom,  and 
in  the  later  (1)  in  the  forms  inscribed  by  erosion  upon  a  land  surface 
and  (2)  in  the  adjustments  of  drainage.  The  earlier  volume  is  sub- 
divided into  chai^ters  by  the  changing  conditions  on  the  sea  bottom  and 
adjacent  lands  which  gave  rise  to  the  differences  in  the  successive  rock 
formations  composing  the  stratigraphic  column.  The  later  volume  is 
also  subdivided  into  chapters  by  oscillations  of  the  land  which  changed 
the  rate  and  character  of  gradation  and  the  form  of  stream  adjustment. 

From  the  manner  in  which  these  changes  in  conditions  are  recorded 
only  the  latest  can  be  determined  in  detail,  since  the  record  of  each 
event  in  some  measure  obliterated  those  previously  inscribed. 

CYCLES  OF  GRADATION  AND  STREAM  ADJUSTMENT. 

At  least  three  cycles  of  gradation  and  stream  adjustment  can  be  dis- 
tinguished in  the  history  of  this  region.  The  first  is  very  long  and 
complex,  covering  the  whole  of  the  period  from  the  Appalachian  revo- 
lution to  the  end  of  Cretaceous  time.  If  the  record  had  not  been  oblit- 
erated, this  period  would  doubtless  be  subdivided  into  several  cycles, 
each  as  distinct  and  important  as  those  which  followed.  All  previous 
records,  however,  were  removed  in  the  production  of  the  Cumberland 
peneplain,  which  is  itself  the  unmistakable  record  of  a  very  long  grada- 
tion period.  The  second  cycle  is  likewise  recorded  in  the  formation  of 
a  peneplain,  the  Highland  Kim  plain;  but  that  tliis  period  was  much 
shorter  tlian  the  preceding  is  evident  from  the  fact  that  this  ])lain  was 
developed  only  on  areas  of  soft  and  moderately  hard  rocks.  It  was 
marked,  however,  by  some  important  drainage  adjustments,  whicli  will 
be  fully  described  later.  Finally,  the  region  has  recently  emerged  from 
a  third  cycle,  the  time  which  has  elapsed  having  snfiiced  as  yet  only 
for  the  sinking  of  the  streams  i)art  way  down  to  the  newly  established 
base-level.  Tlie  last  (^yclc  was  much  the  shortest  of  the  three,  its 
gradation  having  been  able  to  develop  base  leveled  valleys  only.  The 
events  of  this  cycle  are  so  recent  that  they  can  be  grouped  in  a  number 
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of  episodes,  wlien  the  history  of  the  entire  province  is  considered. 
This,  however,  is  impossible  in  a  restricted  area,  such  as  the  Chatta- 
nooga district,  and  hence  is  beyond  the  scope  of  the  present  paper. 

FIRST  CYCLE.  . 
LENGTH  AND  COMPLEXITY. 

It  has  been  stated  above  that  the  cycle  which  coincides  with  the  for- 
mation of  the  Cumberland  peneplain  was  very  long  and  complex.  As 
to  the  length  of  time  which  it  covered  there  can  be  little  question,  since 
its  limits  are  tolerably  well  fixed,  the  beginning  being  the  emergence 
of  the  region  at  the  close  of  the  Carboniferous,  and  the  end  being  the 
uplift  near  the  close  of  the  Cretaceous.  From  what  is  known  of  other 
periods  of  equal  or  less  duration,  it  would  ai^pear  highly  probable  that 
this  long  interval  was  not  a  simple  cycle,  but  was  composed  of  several 
quite  distinct  cycles,  in  each  of  which  the  river  passed  through  the 
normal  changes  which  mark  the  development  of  drainage  from  youth 
to  old  age.  Although  the  records  of  these  intermediate  cycles,  in  so 
far  as  they  consist  of  land  forms,  have  been  almost  entirely  obliterated 
by  the  final,  perfect  base-leveling  of  the  region,  some  evidence  of  their 
former  existence  may  be  obtained. 

If  sufficient  time  were  to  elapse  between  two  periods  of  orogenic 
uplift,  the  forces  of  subaerial  degradation  would  reduce  a  region  com- 
pletely to  base-level.  This  is  theoretically  possible,  but  has  probably 
never  happened  for  any  considerable  area,  inasmuch  as  the  process  of 
base-leveling  is  one  which  goes  on  with  a  constantly  decreasing  rate  as 
it  approaches  completion.  If  it  were  to  occur,  however,  the  final  prod- 
uct, so  far  as  the  form  of  the  plain  is  concerned,  would  be  the  same 
whether  the  uplift  which  inaugurated  the  cycle  were  a  single  rapid  move- 
ment of  the  crust,  a  single  slow  movement  long  continued,  or  a  series 
of  movements  separated  by  intervals  of  rest.  Since,  however,  the  final 
stage,  the  perfect  plain,  is  never  reached  by  gradation,  the  character 
of  the  movements  by  which  the  elevation  was  effected  may  be  deter- 
mined in  some  measure  (1)  by  the  character  of  the  monadnocks — the 
unreduced,  residual  masses  left  projecting  above  the  surface  of  the 
base-level  plain — and  (2)  by  the  character  of  the  stream  adjustments 
which  are  found  to  have  taken  place  at  the  end  of  the  cycle. 

Evidence  from  residuals. — If  a  region  is  lifted  either  rapidly  or  slowly, 
the  streams  first  lower  their  channels  nearly  to  base-level  and  then 
reduce  the  interstream  areas.  Naturally  the  two  processes  overlap  to 
some  extent  in  the  same  area,  since  the  general  lowering  of  the  entire 
surface  begins  as  soon  as  the  streams  are  capable  of  removing  the  land 
waste.  Also  when  the  whole  river  basin  is  considered  they  overlap 
still  more,  since  the  process  of  gradation  along  the  lower  portion  of  the 
river  may  be  well  advanced  while  its  upper  portion  is  actively  corrad- 
ing  its  channel.  IsTevertheless,  there  is  a  natural  sequence  in  the  two 
processes,  and  the  first  must  necessarily  precede  the  second. 
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If  the  uplift  within  a  certain  period  is  accomplished  in  a  single  oro- 
geuic  movement  and  there  is  great  diversity  in  the  rocks  of  the  region, 
the  residual  masses  which  remain  at  the  end  of  the  given  period  will 
consist  of  the  hardest  rocks,  and  their  altitude  will  vary  with  the  erodi- 
bility  of  the  rocks  and  the  distance  from  master  streams.  Areas  of 
the  softest  rocks  will  be  continuously  attacked  until  they  reach  base- 
level,  while  those  which  offer  greater  resistance  will  retain  proportionate 
relief.  The  altitude  of  any  point  will  thus  depend  chiefly  on  the  product 
of  the  two  factors  erodihility  and  location^  and  the  former  will  be  the 
more  important  factor  in  proportion  to  the  completeness  of  the  base- 
leveling.  Consider  now  that  the  same  uplift  is  accomplished  Avithin 
the  same  period,  but,  instead  of  there  being  only  a  single  movement, 
by  two  or  more  elevations  separated  by  periods  of  comparative  repose. 
Each  uplift  stimulates  erosion  anew;  but,  however  long  continued,  it 
can  reduce  the  softest  rocks  no  lower  than  base-level,  for  below  this 
level  they  are  perfectly  protected.  Since  the  gradation  periods  are 
shorter,  the  effect  of  rock  hardness  is  less  pronounced  and  that  of  loca- 
tion is  greater.  Kesidual  masses  are  composed  not  only  of  the  hardest 
rocks,  but  also  of  intermediate  rocks  favorably  located  for  preservation. 
If,  therefore,  the  element  of  location  is  found  to  be  pronounced  in  the 
residuals  of  any  region,  it  is  safe  to  assume  that  the  peneplain  above 
which  they  rise  is  not  the  product  of  a  single  uninterrupted  gradation 
period,  but  that  the  uplift  was  interrupted  and  the  soft  rocks,  now 
forming  the  residuals,  were  below  base-level,  and  so  protected  from  deg- 
radation. This  is  the  condition  prevailing  to  some  extent  on  the  Cum- 
berland Plateau.  The  monadnocks  bordering  Sequatchie  Valley  and 
forming  Crab  Orchard  Mountain  are  composed  of  hard  rocks,  but  those 
away  from  the  valley  are  composed  of  comparatively  soft  rocks,  mostly 
shales  and  thin-bedded  sandstones,  which  are  poorly  adapted  to  resist 
long-continued  erosion.  They  are,  however,  far  from  any  large  stream, 
being  near  the  line  which  was  for  a  long  time  the  main  divide  of  the 
region,  and  their  preservation  from  degradation  must  be  ascribed  to 
location  rather  than  to  the  hardness  of  their  rocks.  While  they  are 
not  sufficiently  extensive  to  establish  the  position  of  another  peneplain 
above  the  Cumberland  Plain,  their  presence  makes  it  probable  that 
such  a  peneplain  was  formed  from  500  to  800  feet  above  the  present 
surface  of  the  plateau. 

Evidence  from  siream  adjiiHtmeniH. — The  second  method  of  determin- 
ing whether  the  uplift  of  this  region  during  this  lirst  cycle  was  accom- 
plished in  one  or  more  periods  of  orogenic  activity  is  a  consideration 
of  the  drainage  adjustment  which  had  taken  place  at  its  conclusion. 
The  thickness  of  strata  eroded  from  the  Appalachian  Valley  belt  is  at 
least  10,000  feet,  and  in  many  places  much  more.  This  enormous  deg- 
radation was  accomplished,  in  large  part  nt  least,  in  the  cycle  under 
consideration.  Tlie  elevation  of  the  nnticlines  may  liave  been  so  rapid 
that  drainage  was  ])onde(l  and  turned  into  syn(;linal  streams,  or  it  may 
have  been  so  slow  that  the  crests  of  the  folds  were  worn  down  as  fast 
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as  they  rose.  lu  either  case,  so  loDg  as  the  uplift  continued,  no  matter 
how  slowly,  the  divides  would  tend  to  remain  upon  the  axes  of  eleva- 
tion, even  though  these  were  upon  soft  rocks.  This  tendency  of  divides 
to  migrate  toward  and  remain  upon  axes  of  elevation  has  been  demon- 
strated by  Campbell.^ 

If  the  elevation  of  the  anticlines  was  rapid,  the  entire  drainage  must 
have  been  changed  from  antecedent  to  consequent;  while  if  it  was  slow, 
although  the  larger  streams  might  have  retained  their  antecedent 
courses,  the  secondary  drainage  at  least  must  have  been  changed  to 
consequent  courses.  If  the  whole  of  the  elevation  had  been  accom- 
plished in  a  single  period,  the  streams  would  probably  never  have  been 
able  to  escape  from  these  consequent  courses,  and  there  would  now  be 
a  great  preponderance  of  synclinal  streams.  Since  the  streams  of  this 
region  are  almost  wholly  subsequent,  there  must  have  been  abundant 
opportunity  for  their  escape  from  the  consequent  courses,  and  the  most 
favorable  conditions  for  this  are  afforded  by  repeated  base-levelings. 
At  each  uplift  and  consequent  revival  of  drainage  upon  a  base-level 
plain  some  streams  are  more  favorably  situated  than  others  by  reason 
of  their  location  on  soft  rocks,  and  a  certain  amount  of  adjustment 
takes  place.  With  each  revival  the  drainage  becomes  more  perfectly 
adjusted  and  to  a  larger  extent  subsequent.  The  very  perfect  adjust- 
ment in  this  region,  therefore,  supports  the  conclusion,  reached  from  a 
consideration  of  its  monadnocks,  that  it  has  passed  through  several 
cycles  of  uplift  and  reduction  to  base-level. 

EARLY  STREAM  ADJUSTMENTS. 

Paleozoic  physiography  of  the  region. — There  can  be  no  doubt  as  to 
the  relation  of  sea  and  land  in  this  region  during  the  Paleozoic  period. 
The  materials  making  up  the  formations  then  deposited  were  derived 
chiefly  from  the  degradation  of  a  land  mass  to  the  southeast.  It  should 
be  stated,  however,  that  at  various  times  during  the  Paleozoic  period 
considerable  areas  of  land  probably  existed  in  the  western  part  of  the 
Appalachian  province.  Thus  probably  in  Cambrian  time,  and  almost 
certainly  in  late  Silurian  and  early  Devonian  time,  the  central  basin  of 
Tennessee  was  occupied  by  a  laiid  mass,  which  may  have  been  contin- 
uous northward  through  Kentucky  with  the  Ohio  area.  Again,  after 
a  submergence  in  the  early  Carboniferous,  the  same  region  was  prob- 
ably land  during  late  Carboniferous  time,  forming  a  barrier  between 
the  eastern  and  western  coal  basins  of  Kentucky.  This  land,  however, 
was  low,  furnishing  but  little  detritus,  and  it  was  probably  again  sub- 
merged at  the  close  of  the  Paleozoic,  so  that  its  influence  on  subsequent 
drainage  development  is  only  indirect.  The  streams  upon  the  Appa- 
lachian Paleozoic  continent  must  have  flowed  toward  the  northwest, 
and  as  the  interior  sea  margin  was  pushed  gradually  westward  by  the 
emergence  of  successive  strips  along  the  coast,  the  streams  doubtless 


1  Drainage  modifications  and  tlieir  interpretation,  M.  R.  Campbell:  Jour.  Geol.,  Vol.  IV,  1896,  p.  567. 
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followed  the  retreating  sea  margin  toward  the  northwest  by  extending 
their  lower  courses  across  the  newly  emerged  land.  Different  opinions 
are  held  as  to  the  length  of  time  these  rivers  continued  in  their  north- 
ward courses. 

Theory  o  f  early  diversion  of  original  streams. — One  theory  is  that  the 
streams  were  turned  from  northwestward  to  southwestward  courses 
com[)aratively  soon  after  final  post- Paleozoic  emergence  of  the  interior 
regions.  This  was  effected  in  part  by  the  barriers  which  tlie  rising 
folds  presented  midway  of  their  courses,  and  in  part  by  the  favorable 
opportunities  afforded  to  southwestward  streams  located  upon  soft 
rocks  in  the  axes  of  the  folds  for  capturing  transverse  streams.  Which- 
ever factor  may  have  been  the  more  important,  it  is  concluded  that 
toward  the  end  of  Cretaceous  time,  when  the  whole  region  was  reduced 
to  a  very  perfect  base-level  plain,  the  drainage  of  the  Appalachian 
Valley  was  southwestward  to  the  Gulf,  while  the  plateau  streams  con- 
tinued westward  to  the  Mississippi  embayment. 

Theory  of  persistence  of  original  streams. — Another  theory,  supported 
by  Griswold  ^  and  others,  holds,  on  the  other  hand,  that  the  Api)ala- 
chian  continent  was  continuous  toward  the  southwest  with  the  Arkan- 
sas land  area,  both  during  the  period  of  Paleozoic  deposition  in  the 
interior  sea  and  of  the  subsequent  base  leveling  when  it  had  become 
dry  land.  This  theory  requires  the  depression  in  which  the  Mississippi 
now  flows  to  have  been  formed  by  the  warping  of  the  Cretaceous  pene- 
l^lain.  It  necessitates  the  conclusion  that  during  the  entire  Cum- 
berland gradation  period  the  drainage  of  the  southern  Appalachian 
I)rovince  was  westward  across  the  present  Mississippi  depression  to  an 
outlet  in  northwestern  Texas. 

The  presence  of  Cretaceous  sediments  in  central  Alabama,  however, 
and  the  northward  extension  of  these  sediments  across  Mississippi,  Ten- 
nessee, and  Kentucky,  indicate  clearly  that,  whatever  may  have  been  the 
southward  extension  of  the  Appalachian  land  in  Paleozoic  and  early 
Mesozoic  time,  the  Mississippi  embayment  is  older  than  the  Cretaceous 
peneplain.  Hence  the  first  theory,  as  stated  above,  must  be  accepted 
as  the  one  most  in  accordance  with  the  facts. 

Early  consequent  stream. — Whatever  may  have  been  the  effect  of  the 
rising  folds  elsewhere  in  the  Appalachian  province,  it  seems  very  prob- 
able that  immediately  after  the  emergence  of  this  region  a  consequent 
stream  occupied  the  Walden  syncline.  Thisshallo^v  trongh  has  a  gen- 
tle inclination  from  the  northern  portion  of  the  district  southward  to 
central  Alabama,  Avhere  it  disappears  beneath  the  Cretaceous  sedi- 
ments. Its  southwestward  inclination  has  been  increased  by  post-Creta- 
ceous tilting,  but  is  chiefly  due  to  the  pitch  acquired  at  an  earlier  date. 
No  transverse  fold  or  other  barrier  exists  which  could  IniAc  ])r(n  (Mitcd 
the  formation  of  such  a  couse(juent  stream,  while  the  Scii natch ic  anti- 
clin(;  must  have  formed  a  very  effectual  barrier  to  i)revent  the  drainage 
escaping  to  the  westward  from  this  trough. 

'Origin  of  the  Lower  Misflissippi,  L.  S.  Griswold:  I'roc.  Boat. Soc.  Nat.  Hist.,  \  <>1.  XX \  I,  wy.<,  jip, 
474-479. 
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Diversion  of  consequent  stream  from  Walden  Plateau, — The  process  of 
stream  adjustment  in  the  particular  region  under  discussion  during  this 
first  long  and  complex  cycle  may  now  be  examined  in  somewhat  greater 
detail.  It  may  be  assumed  from  evidence  stated  above  that  the  uplift 
of  the  region  to  the  altitude  held  during  the  Cumberland  base-leveling 
epoch  was  accomplished  by  several  periods  of  oscillation  separated  by 
periods  of  repose.  The  folds  and  faults  of  the  valley  belt  brought 
many  strips  of  limestone  above  the  successively  established  base-levels 
and  also  placed  the  beds  of  sandstone  in  such  attitudes  that  they  were 
more  readily  removed  than  if  they  had  remained  horizontal.  The  earlier 
axial  streams,  or  those  occupying  the  southern  portion  of  the  valley 
belt,  thus  ]30ssessed  at  the  start  a  decided  advantage  over  the  trans- 
verse streams,  whose  lower  courses  were  upon  the  comparatively  hard 
horizontal  Coal  Measure  sandstones.  The  consequent  stream  in  Wal- 
den Plateau,  flowing  throughout  its  entire  course  upon  sandstones,  was 
at  a  serious  disadvantage  compared  with  a  parallel  stream  subsequently 
established  upon  a  limestone  belt.  Hence  the  eastern  axial  valleys  were 
lowered  more  rapidly,  and  their  streams  not  only  continued  to  intercept 
and  divert  the  upper  portions  of  additional  transverse  streams,  thus 
continuously  decreasing  the  volume  of  the  stream  to  the  west,  but 
probably  in  some  gradation  period  prior  to  the  Cumberland  beheaded 
that  stream  and  diverted  its  upper  portion  from  the  syncline.  The  two 
portions  of  the  Walden  syncline  on  opposite  sides  of  the  Tennessee 
line  are  quite  differently  situated  with  reference  to  ability  to  protect  a 
consequent  stream  from  diversion.  The  northern  section  has  imme- 
diately adjacent  upon  the  east  a  broad  belt  within  which  the  protecting 
sandstones  were  not  only  lifted  high  above  base-level,  so  that  their 
removal  was  quickly  effected,  but  were  intersected  by  many  faults 
which  must  have  greatly  facilitated  erosion.  The  southern  section,  on 
the  other  hand,  has  upon  the  east  from  one  to  three  comi)aratively  low, 
un  faulted  anticlines,  which  brought  the  resistant  sandstones  during  early 
stages  of  gradation  to  the  right  elevation  for  protection  against  streams 
encroaching  westwardly  from  the  valley  belt.  Hence  the  diversion  of 
the  consequent  stream  was  effected  in  the  unprotected  northern  section, 
while  the  beheaded  portion  remained  in  its  original  position  in  the 
southern  section  till  a  very  much  later  date. 

Influence  of  Sequatchie  anticline. — It  is  probable  that  the  Sequatchie 
anticline,  which  had  previously  formed  a  barrier  across  the  path  of  west- 
ward-flowing streams,  and,  as  stated  above,  had  diverted  them  to  a 
southward  consequent  course  in  the  Walden  syncline,  now  formed  a  bar- 
rier to  further  westward  encroachment  of  the  subsequent  streams. 
The  hard  Coal  Measure  conglomerate,  brought  above  base-level  on  the 
Sequatchie  anticline,  probably  held  the  divide  for  a  long  time  at  the 
axis  of  the  fold. 

Westward  encroachment  of  axial  drainage. — Eastward-flowing  streams 
continued  working  at  the  divide,  and  finally,  toward  the  close  of  the 
cycle,  the  barrier  was  breached  and  the  successful  stream  began  the 
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conquest  of  territory  farther  west.  Since  at  each  npHft  which  inau- 
gurated a  new  gradation  period  the  deepening  of  the  main  axial  valley 
progressed  toward  the  northeast,  southern  tributaries  would  have  an 
advantage  in  time  over  those  farther  north ;  that  is,  the  lowering  of 
their  outlet  to  any  given  level  would  be  accomplished  earlier  for  the 
former  than  the  latter.  Hence  North  Chickamauga  and  Soddy  creeks 
were  favorably  located,  and  succeeded  in  capturing  territory  west  of 
the  anticline.  Roaring  and  Richland  creeks,  on  the  other  hand,  were 
less  favorably  located,  and  did  not  succeed  in  passing  the  barrier. 
Still  farther  north  the  anticline  iiattens  out,  and  the  conglomerate, 
being  below  the  earlier  base-levels,  ceased  to  be  effective  as  a  barrier 
against  the  encroacliing  streams.  Hence  Sandy  and  Berks  creeks 
acquired  considerable  territory  beyond  the  anticline. 

PHYSIOGRAPHY  OF  CUMBERLAND  BASE-LEVELING  EPOCH. 

At  the  close  of  the  Cretaceous  period  of  base  leveling  the  drainage 
was  probably  arranged  somewhat  as  represented  in  green  on  the  maps, 
Pis.  IV  and  Y.  The  present  divides  are  represented  on  the  maps 
by  brown  lines,  and  the  position  of  the  divides  then  existing  by  the 
broken  green  lines.  Wherever  no  green  lines  appear  on  the  map  the 
drainage  of  the  epoch  is  regarded  as  coinciding  with  present  drainage 
or  there  is  no  evidence  for  determining  its  position. 

Position  of  the  main  divide. — The  chief  difference  in  the  drainage  of 
the  region  is  seen  to  be  the  course  of  the  main  trunk  stream  of  the 
Appalachian  Valley  southward  across  the  present  Tennessee-Coosa 
divide.  The  main  divide  between  southward-  and  v,'estward-tiowiiig 
streams  was  near  the  Sequatchie  axis,  passing  to  the  west  around  tlie 
heads  of  the  few  streams  which  had  been  able  to  capture  territory 
beyond  that  barrier.  It  probably  crossed  the  course  of  the  present 
Tennessee  near  the  Tennessee- Alabama  line.  Below  this  point  the 
Sequatchie  anticline  was  probably  occupied  by  a  subsequent  stream, 
which  may  have  been  either  tributary  to  the  consequent  stream  in  the 
Walden  syncline  or  have  flowed  westward  to  the  Mississippi  embay- 
ment. 

The  Appalachian  river. — The  main  trunk  stream  of  the  valley  belt, 
which  may  be  called  the  Appalachian  river,  received  several  large 
tributaries  from  the  east,  only  one  of  which,  the  Hiwassee,  has  persisted 
in  its  entirety  to  the  present.  These  were  the  streams  originally  flow- 
ing westward  from  the  Appalachian  continent  to  the  Paleozoic;  interior 
sea,  lirst  turned  southward  by  the  Se([uatchie  anticline  to  a  consecpient 
course  in  the  Walden  syncline,  and  then  intercepted  and  diverted  by  a 
subsequent  stream  to  the  course  shown  on  the  map. 

Growth  of  the  upper  Coona  system. — Some  of  these  streams  have  been 
again  intercepted  and  diverted  sonthward  by  the  lieadward  encroac;)!- 
mcnt  of  a  iavorably  located  axial  stream  and  now  form  eastern  tril)n 
taries  of  the  ('oosa  system.    It  is  impossible  to  determine  the  exact  date 
at  which  this  lust  diversion  took  place,  and  it  may  possibly  have  occurred 
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before  the  epoch  represented  on  the  map.  The  evidence  to  the  contrary 
is  derived  from  the  presence  of  water  gaps  through  the  high  valley 
ridges.  It  would  seem  probable  that  these  must  have  been  occupied  by 
larger  streams  than  at  present,  at  least  as  late  as  the  close  of  the  Cum- 
berland base-leveling  epoch;  otherwise  in  the  adjustment  which  fol- 
lowed that  epoch  the  streams  would  have  been  unable  to  cut  down  the 
hard  rocks  of  the  ridges  with  sufficient  rapidity  for  their  own  protection 
and  would  have  been  diverted,  leaving  wind  gaps  at  the  points  where 
they  had  formerly  crossed. 

Influence  of  the  Sequatchie  anticline, — Although  the  eastward-flowing 
streams  north  of  the  Tennessee  line  had  diverted  the  drainage  from  its 
consequent  position  in  the  Walden  syncline  and  had  pushed  their  head 
waters  some  distance  to  the  westward  of  the  original  anticlinal  divide, 
they  had  not  completely  reduced  the  territory  thus  acquired  to  base- 
level.  The  hardest  stratum  they  encountered  in  the  corrasion  at  the 
divide  was  the  conglomerate  at  the  base  of  the  Coal  Measures.  Above 
this  resistant  stratum  are  shales  and  sandstones,  and  below  are  lime- 
stones. The  upper  shales  and  sandstones  were  almost  perfectly  base- 
leveled  east  of  the  anticline  and  the  limestones  generally  quite  reduced 
wherever  the  covering  of  conglomerate  was  removed.  Between  the 
base-leveled  limestone  belt  on  the  axis  of  the  anticline  and  the  base- 
leveled  shale  belt  in  the  syncline  there  remained  a  ridge  of  conglom- 
erate through  which  the  encroaching  streams  flowed  in  narrow  gaps. 
These  gaps  serve  to  determine  the  present  position  of  the  peneplain, 
since,  as  will  be  explained  later,  they  were  deserted  by  their  streams  at 
the  end  of  the  base-leveling  epoch,  and  hence  have  not  been  cut  below 
its  surface.  The  portions  of  the  ridge  left  between  these  gaps  formed 
a  series  of  monadnocks  rising  above  the  general  level  of  the  plain.  By 
reason  of  the  decrease  in  height  of  the  anticline  toward  the  northeast 
the  activity  of  erosion  on  its  crest  and  sides  had  there  been  less  active, 
so  that  portions  of  the  conglomerate  remained,  protecting  the  under- 
lying limestone.  Thus  the  monadnocks  which  occur  along  the  eastern 
side  of  the  valley  increase  in  height  toward  the  northeast  and  pass 
here  directly  into  the  Crab  Orchard  Mountains.  The  extent  of  these 
monadnocks  is  shown  on  the  map  (PI.  II),  on  which,  as  explained  on 
a  former  page,  the  most  heavily  shaded  areas  represent  portions  of  the 
surface  remaining  above  the  level  of  the  Cumberland  peneplain  at  the 
present  time.  They  must  be  considerably  smaller  now  than  they  were 
at  the  conclusion  of  that  base-leveling  epoch,  for  erosion  has  been  active 
upon  them  during  the  succeeding  gradation  periods. 

On  the  western  margin  of  Sequatchie  Valley  the  monadnocks  are 
inconspicuous,  consisting  of  a  few  small  knobs  along  the  edge  of  the 
escarpment.  By  reason  of  the  fault  along  the  Sequatchie  anticline,  the 
beds  on  the  western  side  are  relatively  depressed,  so  that  the  conglom- 
erate was,  for  the  most  part,  below  base-level  while  the  Cumberland 
Plain  was  being  formed,  and  hence  not  in  a  position  to  resist  erosion. 
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Aloug  the  eastern  side  of  the  valley  a  inonadnock  extends  continu- 
ously from  Beatty  Gap  northward  some  distance  beyond  its  head.  Its 
upper  portion  bifurcates  and  holds  Grassy  Cove  between  its  divergent 
branches.  It  is  nearly,  though  not  quite,  cut  down  to  the  level  of  the 
peneplain  at  Low  Gap  and  also  at  the  head  of  Swaggerty  Cove.  The 
region  now  occupied  by  the  upper  part  of  the  Sequatchie  Yalley,  at 
least  the  upper  10  miles,  although  in  part  underlain  by  limestone,  was 
I)robably  not  reduced  to  the  level  of  the  Cumberland  Plain,  and  small 
streams  heading  upon  this  unreduced  portion  of  the  anticline  flowed 
eastward  through  Low  Gap  and  through  Swaggerty  Cove,  but  were 
not  able  to  corrade  their  channels  quite  to  base-level. 

From  Tollett  Mill  to  Bearden  Mountain  the  anticline  has  a  slmrp 
northeastward  pitch,  while  beyond  the  fold  flattens  out  and  the  axis 
is  nearly  horizontal  for  some  distance.  In  this  latter  portion  of  the 
fold,  therefore,  the  conglomerate  has  a  much  lower  altitude  than  farther 
south,  and  hence  was  not  so  early  in  the  cycle  an  effective  barrier  to 
streams  encroaching  from  the  east.  It  appears  probable  that  some- 
what early  in  the  Cumberland  gradation  period,  or  in  one  which  pre- 
ceded it,  several  eastward-flowing  streams  cut  backward  across  the 
anticlinal  axis,  while  they  were  yet  upon  the  comparatively  soft  shales 
and  sandstones  overlying  the  conglomerate.  Having  acquired  some 
drainage  area  beyond  the  anticline,  they  were  able  to  hold  their  courses 
across  the  axis  when  the  conglomerate  was  reached  in  the  process  of 
downward  cutting,  and  to  cut  through  the  conglomerate  to  the  lime- 
stone beneath.  The  process  of  opening  a  lateral  valley  upon  the  axis 
of  the  anticline  then  began,  and  resulted  in  the  formation  of  Grassy 
and  Crab  Orchard  coves. 

SECOND  CYCLE. 
ADJUST3IENTS  ALONG  THE  MAIN  DIVIDE. 

Effect  of  uplift. — The  long  period  of  base-leveling  which  resulted  in 
the  formation  of  the  Cumberland  peneplain  was  terminated  by  a  series 
of  oscillations,  the  final  effect  being  an  elevation,  and  this  uplift,  as 
shown  by  the  present  altitude  of  different  portions  of  the  peneplain, 
was  accompanied  by  considerable  warping  of  the  base-level.  The 
streams  had  for  a  long  time  meandered  over  a  smooth,  featureless 
plain,  the  interstream  areas  almost  entirely  reduced  and  the  active 
cutting  confined  entirely  to  the  few  monaduocks  at  their  head  waters. 
The  uplift  terminated  one  cycle  and  inaugurated  another.  Streams 
which  had  long  been  inactive  began  vigorously  to  attack  their  chan- 
nels, working  backward  from  the  sea  margin,  or  from  points  in  their 
courses  where  differential  ui)lift  was  felt  by  the  upper  tributaries.  Also 
the  axial  stream  or  streams,  although  in  the  main  located  upon  soil 
rocks,  found  their  channels  crossing  many  hard  beds  which  tliey  were 
compelled  to  cut  through.    The  streams  flowing  westward  from  the 
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plateau  to  the  Mississippi  embayment,  on  the  other  hand,  had  a  some- 
what shorter  route  to  the  sea  and  were  more  advantageously  situated 
for  rapid  cutting.  During  the  greater  part  of  the  preceding  cycle  they 
had  been  working  u])on  horizontal  sandstones  and  consequently  under 
great  disadvantage  compared  with  the  axial  streams.  As  a  result  the 
axial  streams  had  encroached  upon  their  territory  and  diverted  their 
head  waters  to  southward  courses.  The  conditions  were  now  to  some 
extent  reversed.  The  sandstones  had  been  removed  from  at  least  half 
the  area  which  they  originally  covered  w^st  of  the  Sequatchie  anti- 
clinCj  and,  where  not  entirely  removed,  their  thickness  had  been  greatly 
diminished,  so  that  they  offered  comparatively  little  resistance  to  fur- 
ther degradation. 

Effect  of  deformation. — Another  condition  in  their  favor  was  the 
character  of  the  deformation  which  accompanied  the  uplift.  As  shown 
in  the  iiaper  above  cited, ^  the  greatest  elevation  was  on  a  longitudinal 
axis  nearly  coincident  with  the  Appalachian  Valley.  Hence  the  axial 
streams  flowed  lengthwise  of  the  uplift  and  were  compelled  to  cut  back 
the  entire  distance  from  their  mouths.  The  westward-flowing  streams, 
on  the  other  hand,  were  transverse  to  the  uplift,  and  were  accelerated 
chiefly  in  the  upper  portion  of  their  courses.  Hence  they  had  a  shorter 
distance  to  deepen  their  channels  before  their  upper  tributaries  were 
stimulated.  By  reason  of  this  combination  of  favorable  circumstances 
the  westward  streams  were  able  to  push  back  the  divide  and  regain 
some  of  the  territory  lost  in  the  preceding  cycle. 

Contest  for  the  Sequatchie  anticline. — The  Sequatchie  anticline,  so  far 
as  base-leveled,  was  occupied  by  a  narrow  belt  of  easily  erodible  lime- 
stone, entirely  surrounded  by  a  rim  of  resistant  sandstone.  The 
limestone  could  not  be  reduced  more  rapidly  than  an  outlet  was  lowered 
across  the  sandstone  rim.  The  sandstone  barrier  was  thinnest  in 
northern  Alabama,  and  here  it  was  first  breached,  either  by  a  westward- 
flowing  stream,  cutting  backward  at  its  head  under  the  accelerating 
influence  of  its  increased  grade,  or,  if  this  part  of  the  anticline  had 
remained  in  the  western  drainage,  by  the  cutting  downward  of  a  stream 
already  located  across  the  barrier  through  the  thin  protecting  cap  of 
sandstone.  Having  gained  unobstructed  access  to  the  limestone  area, 
a  branch  of  the  aggressive  stream  was  rapidly  pushed  head  ward  along 
the  axis  of  the  anticline,  and  by  reason  of  the  great  advantage  which 
it  possessed  diverted  the  streams  which  it  successively  encountered  in 
its  progress  toward  the  northeast.  Before  this  stream  had  pushed  its 
conquest  of  the  anticline  as  far  as  the  present  Tennessee  line,  the 
Appalachian  river  had  probably  cut  its  channel  back  sufficiently  to 
stimulate  its  tributaries  in  this  region.  Those  farthest  south  would  be 
the  ones  first  affected,  and  since  these,  having  been  favorably  located 
in  the  previous  cycle,  had  acquired  the  largest  territory  beyond  the 

1  Geomorphology  of  the  Southern  Appalachians,  C.  W.  Hayes  and  M.  K.  Campbell:  Kat.  Geog.  Mag., 
Vol.  VI,  1894,  pp.  63-126. 
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Sequatchie  anticline,  they  were  vigorous  streams  and  were  able  to  keep 
their  channels  down  near  base-level.  They  probably  succeeded  in  cut- 
ting nearly  or  quite  through  the  barrier  of  sandstone  capping  the 
Walden  Plateau  before  they  were  intercepted  and  their  head  waters 
diverted  to  the  southwest.  The  one  whose  head  waters  occui^ied  the 
Coppenger  Creek  Basin  may  have  succeeded  in  diverting  several  of  its 
neighbors  before  they  had  cut  deeply  into  the  rim  of  conglomerate  along 
the  western  edge  of  Walden  Plateau.  The  beheaded  streams  continued 
to  occupy  channels  across  at  least  the  eastern  portion  of  Walden  Plateau, 
and,  since  the  resistant  sandstones  had  been  removed,  were  able  to  lower 
their  channels  in  the  limestone  quite  down  to  the  Highland  Rim  base- 
level.  Having  captured  these  vigorous  streams,  the  channel  of  the 
diverter  upon  the  Sequatchie  anticline  was  still  further  deepened  and  its 
progress  was  more  rapid  toward  the  northeast.  The  streams  flowing 
eastward  from  the  anticline  were  successively  beheaded  before  they 
were  able  to  cut  their  channels  across  the  hard,  upturned  conglomerate 
much  below  the  lev^el  of  the  peneplain.  Being  thus  beheaded,  the  gaps 
through  the  conglomerate  ridge  became  cols  where  erosion  Avas  reduced 
to  a  minimum.  Consequently  these  gaps  remain  practically  at  the 
level  of  the  old  peneplain.  The  progress  of  the  diverting  stream  as  it 
ai^proached  the  northeastern  end  of  the  anticline  became  slower  by 
reason  of  its  increasing  length  and  the  less  perfect  reduction  of  the 
region  to  the  old  base-level. 

The  conglomerate  cap  upon  Bearden  and  Hinch  mountains  finally 
checked  further  progress,  and  Swaggerty  Cove  Creek,  which  would 
have  been  the  next  capture,  was  only  partly  diverted.  Meanwhile  the 
streams  which  had  breached  the  anticlinal  barrier  farther  north  and 
acquired  territory  to  the  west  in  the  former  cycle  continued  to  flow 
across  the  axis  toward  the  east  for  a  long  time  after  the  uplift.  The 
coves  were  considerably  enlarged  and  their  channels  were  deepened  at 
least  300  feet  below  the  level  of  the  old  peneplain  before  these  streams 
were  dispossessed  of  the  territory  which  they  had  acquired  west  of  the 
anticline. 

The  capture  of  their  head  waters  was  finally  efl'ected,  not  by  the 
encroachment  of  an  anticlinal  stream,  as  is  most  often  the  case,  but  by 
a  favorably  located  synclinal  stream.  As  already  stated,  the  rocks 
above  the  lower  Coal  Measure  (conglomerate  in  this  region  are  chietly 
shales,  which  ofl'er  slight  resistance  to  erosion  compared  with  the  con- 
glomerate. The  Emory  Kiver,  flowing  past  the  northern  end  of  the 
Secpiatchie  anticline,  was  able  to  acquire  a  large  drainage  area  on  the 
plateau  during  the  jircceding  cycle,  and  when  it  was  accelerated  by 
the  uplift  it  rapidly  lowered  its  channel  in  tiie  shales  above  the  con- 
glomerate. A  tributary,  Daddy  Creek,  entering  the  lOmory  west  of  the 
anticline,  was  favorably  located  for  cutting  backward  into  the  territory 
of  the  transverse  streams,  obstructed  as  the  latter  were  by  the  con- 
glomerate they  were  obliged  to  cross  at  two  points,  one  on  either  side 
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of  the  anticline.  Possessed  of  this  advantage,  Daddy  Creek  acquired 
all  of  the  territory  west  of  the  anticline  previously  drained  by  the 
streams  which  occupied  Crab  Orchard  Gap  and  Grassy  Cove.  It  also 
acquired  the  greater  part  of  Crab  Orchard  Cove,  but  not  Grassy  Cove, 
for  another  factor  intervened  to  prevent  this. 

Effect  of  subterranean  erosion. — As  stated  above,  the  progress  of  the 
aggressive  stream  toward  the  northeast  along  the  anticlinal  axis  was 
checked  by  the  conglomerate  cap  of  Bearden  and  Hinch  mountains. 
Although  the  valley  was  not  extended  farther  along  the  axis,  its  surface 
was  lowered  nearly  to  the  newly  established  base-level,  leaving  a  steep 
escarpment,  limestone  below  and  conglomerate  above,  along  the  sides 
and  about  the  head  of  the  valley.  The  valley  surface  was  thus  600  feet 
lower  than  the  surface  of  Grassy  Cove,  on  the  opposite  side  of  Bearden 
Mountain,  while  the  lowest  gap  in  the  intervening  ridge  was  1,500  feet 
above  the  valley.  Notwithstanding  the  great  height  of  this  ridge,  how- 
ever, it  is  not  so  formidable  a  barrier  as  would  appear  at  first  sight, 
inasmuch  as  its  lower  portion,  all  except  the  upper  500  feet,  is  composed 
of  limestone. 

Wherever  surface  waters  containing  carbonic  acid  and  other  organic 
acids  taken  up  from  decaying  vegetation  comes  in  contact  with  lime- 
stone some  of  the  latter  is  dissolved.  Thus  water  percolating  through 
minute  cracks  in  the  rock  enlarges  them  to  underground  channels  and 
finally  to  great  caverns.  The  roofs  of  these  caverns  often  fall  in  and 
give  rise  to  the  sinks  so  common  in  all  limestone  regions.  Where  the 
strata  have  been  bent  and  fractured  the  formation  of  underground 
channels  is  more  rapid  than  elsewhere,  since  many  open  fissures  are 
found  by  the  percolating  solvent  water.  The  thrust  fault  which  pre- 
vails along  the  western  side  of  the  Sequatchie  anticline  passes  at  the 
upper  end  of  the  valley  into  the  steep  limb  of  the  unsymmetrical  fold. 
Where  the  rocks  have  been  thus  sharply  bent  they  have  also  been  con- 
siderably fractured,  and  hence  the  conditions  have  been  favorable  for 
the  formation  of  underground  channels.  These  worked  backward  from 
the  head  of  the  valley  along  the  line  of  fractured  rocks,  and  finally 
established  a  connection  between  the  valley  and  the  northern  portion  of 
Grassy  Cove.  This  underground  channel  quickly  diverted  the  waters  of 
the  cove  from  their  course  across  the  sandstone  rim  to  the  easier  course 
thus  established.  They  now  enter  the  mouth  of  a  cavern  at  the  north- 
ern end  of  the  cove,  and  after  their  long  underground  passage  of  8 
miles  emerge  in  a  large  spring  near  the  head  of  Sequatchie  Valley. 
The  land  surface  within  the  cove  has  been  lowered  about  100  feet  since 
the  drainage  was  diverted  to  its  present  course.  If  the  underground 
passage  should  by  any  means  become  choked  up,  the  cove  would  be 
flooded.  It  seems  that  in  comparatively  recent  time  this  has  happened, 
for  the  floor  of  the  cove  is  deeply  covered  by  line  silt,  which  appears  to 
have  been  deposited  in  standing  water.  The  course  of  the  underground 
channel  is  marked  at  various  points  by  surface  depressions  where  the 
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cavern  roof  lias  fallen  in.  Something  of  this  kind  may  easily  have 
choked  up  the  passage  for  a  short  time. 

The  smaller  coves  are  in  part  tributary  to  Grassy  Cove  and  in  part 
northward  to  a  branch  of  Daddy  Greek,  which  has  succeeded  in  hold- 
ing its  course  from  the  limestone  area  across  the  edge  of  the  conglom- 
erate to  the  westward.  Crab  Orchard  Cove  is  composed  of  a  number 
of  small  basins,  in  each  of  which  the  surface  water  collects  into  a 
stream  and  disappears  in  a  sink  to  reapi)ear  elsewhere  as  a  large  spring. 

These  coves  with  underground  outlets  are  extremely  interesting  as 
illustrating  the  manner  in  which  the  Sequatchie  Yalley  was  excavated, 
while  the  whole  region  throws  much  light  on  the  mode  of  formation  of 
anticlinal  valleys  in  general.  The  various  stages  in  the  process  are 
shown  by  typical  examples :  First,  the  complete  arch,  with  unbroken 
covering  of  the  protecting  formation,  is  seen  in  Luper  Mountain;  next, 
the  transverse  gap  cutting  through  to  the  easily  erodible  limestone, 
but  still  occupied  in  part  at  least  by  the  stream  which  cut  it,  as  Crab 
Orchard  Gap  with  the  beheaded  Berks  Creek;  then  the  cove  with  an 
underground  outlet,  and  finally  the  completed,  base-leveled  valley. 

The  rapidity  with  which  the  axial  stream  progresses  head  ward  is 
vastly  increased  by  the  formation  of  underground  channels.  While 
a  col  at  which  two  streams  are  contending  is  worn  down  with  extreme 
slowness  by  reason  of  the  small  amount  of  water  which  is  available  for 
performing  the  work,  the  formation  of  cavities  in  limestone  is  no  slower 
there  than  elsewhere,  depending  simply  on  the  supply  of  acidulated 
waters  and  the  i)resence  of  cracks  in  the  rocks.  Hence  a  divide  may 
be  penetrated  by  an  underground  channel  while  the  intervening  col 
remains  practically  unchanged,  as  is  the  case  at  the  head  of  Sequatchie 
Yalley.  When  such  a  channel  is  once  formed  and  the  diversion  of 
drainage  effected,  it  is  only  a  matter  of  comparatively  little  time  till  an 
open  channel  is  formed.  The  frequent  caving  in  of  the  roof  makes  a 
depression  on  the  surface  which  directs  and  concentrates  the  drainage 
and  renders  surface  erosion  much  more  rapid  than  it  would  otherwise  be. 

DEVELOPMENT  OF  STREAM  BASINS  OF  TYPE  I. 

While  this  contest  for  supremacy  was  taking  place  along  the  main 
divide  the  older  peneplain  was  being  dissected  on  either  side  and  a 
new  plain  developed  at  the  lower  level.  As  stated  above,  erosion  in 
the  first  cycle  had  removed  the  greater  part  of  the  sandstone  from 
a  considerable  portion  of  the  region  it  originally  ()ccu])ie(l  in  the  west- 
ern part  of  the  district.  Conditions  were  tlierefore  favorable  for  the 
rapid  reduction  of  this  region.  Tiie  streams,  accelerated  by  the  ui)lilt, 
sank  tlieir  channels  in  the  soft  limestone,  and  the  interstream  areas  were 
ra])idly  lowered,  chiefly  by  solution.  The  rate  at  which  the  stream 
channels  were  deepened  decreased  toward  the  southeast  by  reason  of 
their  smaller  volume  and  the  increasing  thickness  of  sandstone  through 
19  GEOL,  PT  2  4 
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wliicli  they  were  obliged  to  cut  before  reaching  the  soft  limestone  be- 
neath. The  sandstone  cap  was  thinnest  in  northern  Alabama,  and  here 
the  new  plain  reached  its  greatest  development,  the  plateau  being  cut 
through  at  several  points,  so  that  the  plain  developed  west  of  the  pla- 
teau was  continuous  through  these  gaps  with  the  one  developed  on  the 
Sequatchie  anticline.  The  width  of  thei3lateau  increases  northward  with 
the  increasing  thickness  of  the  sandstone  left  uneroded  below  the  sur- 
face of  the  old  peneplain.  The  western  escarpments  of  the  plateau, 
as  well  as  the  sides  of  the  river  channels,  were  kept  steep  by  reason  of 
the  arrangement  of  hard  and  soft  beds.  The  limestones  forming  the 
lower  slopes  are  removed  by  solution,  and  the  overlying  sandstones  and 
conglomerates  are  thus  undermined  and  break  off  in  large  blocks,  which 
form  a  talus  along  the  lower  slopes.  The  rate  of  recession  of  these 
escarpments  depends  largely  upon  the  ability  of  the  streams  to  remove 
this  talus  and  expose  fresh  surfaces  of  limestone  to  the  action  of  the 
solvent  waters.  But  even  where  the  surface  of  the  limestone  is  deeply 
covered  with  a  mantle  of  residual  and  foreign  material  the  percolating 
waters  gain  access  to  the  rock  beneath  and  form  underground  channels 
and  caverns  which  greatly  facilitate  degradation. 

During  this  second  cycle  the  westward-flowing  streams,  that  is,  those 
which  are  now  included  in  the  Cumberland  Eiver  Basin,  retained  about 
the  same  courses  they  had  acquired  in  the  preceding  cycle.  They  lost 
a  little  territory  through  the  continued  encroachment  of  streams  at  first 
tributary  to  the  Apj)alachian  river  and  afterwards  to  the  Sequatchie. 
Having  all  been  stimulated  in  nearly  the  same  degree  by  the  elevation 
and  warping  of  the  base-level,  few  opportunities  were  offered  for  the 
capture  of  drainage  area  from  one  stream  by  another.  Doubtless  minor 
adjustments  occurred  as  one  stream  or  the  other  had  slight  advantage 
by  reason  of  the  differences  in  the  rocks  on  which  they  were  flowing, 
but  no  considerable  reversals  or  diversions. 

DEVELOPMENT  OF  STREAM  BASINS  OF  TYPE  II. 

On  plateau-belt  anticlines. — Considerable  space  has  been  devoted  to 
the  manner  in  which  the  Sequatchie  Basin  was  developed,  since  this  is 
taken  as  the  type  of  anticlinal  valleys,  and  also  since  the  process  is 
there  incomplete  and  can  therefore  be  studied  to  advantage.  The  devel- 
opment of  other  anticlinal  valleys  in  the  district  doubtless  followed 
essentially  the  course  outlined  above.  Consequent  streams  upon  the 
sides  of  the  arch  cut  through  to  less  resistant  beds  and  opened  out 
longitudinal  valleys  upon  the  axis.  These  were  developed  at  the 
expense  of  the  adjacent  synclinal  streams,  from  which  successive 
branches  were  diverted,  leaving  wind  gaps  in  the  resistant  rim  of  the 
synclinal  basin.  An  essential  factor  in  the  process  is  the  character  of 
the  elevation  to  present  altitude.  Without  halts  of  sufficient  length 
for  removal  of  most  of  the  resistant  bed  from  the  top  of  the  arch,  while 
it  was  protected  below  base-level  in  the  bottom  of  the  adjacent  syncline, 
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and  for  tlie  base-leveling  of  considerable  areas  upon  the  anticline,  prob- 
ably few,  if  any,  subsequent  anticlinal  streams  would  have  been  devel- 
oped. As  it  is,  conditions  have  been  so  favorable  for  this  development 
that  every  anticline  of  any  magnitude  coincides  with  a  valley  of  this 
type.  The  overlapping  ends  of  the  Lookout  and  Wills  anticlines  are 
perfectly  reduced,  and  the  stream  developed  in  the  shorter  of  the  two, 
in  addition  to  performing  its  own  task,  has  cut  through  the  intervening 
narrow  syncline  and  assisted  in  the  reduction  of  the  other. 

On  valley -ridge  anticlines. — Among  the  valley  ridges,  already  de- 
scribed somewhat  fully,  are  a  few  anticlines  upon  which  subsequent 
valleys  have  not  yet  been  developed.  Wherever  these  folds  brought 
the  resistant  Silurian  sandstone  above  the  Cumberland  base-level,  there 
it  was  reduced  during  this  long  gradation  i^eriod,  but  iDortions  of  the 
anticlines  which  were  below  that  base-level  have  in  general  persisted  to 
the  present.  Thus  the  western  portions  of  Simms  and  Lavender  anti- 
clines brought  the  sandstone  above  the  Cumberland  base-level,  and  it 
was  removed,  permitting  the  development  of  subsequent  axial  valleys 
during  later  gradation  periods.  The  eastern  portions  of  these  two 
anticlines,  on  the  other  hand,  were  below  base-level,  and  so  protected 
during  the  Cumberland  epoch.  At  only  one  point  has  later  erosion 
been  able  to  breach  the  resistant  stratum.  The  head  of  Beach  Creek 
has  succeeded  in  cuttiug  through  the  sandstone  to  softer  rocks  beneath, 
in  which  a  small  axial  valley  has  been  developed,  the  outlet  stream 
flowing  through  a  narrow  gap  cut  in  the  outer  hard  beds.  This  breach 
in  the  Lavender  anticline  is  probably  not  due  simply  to  the  unaided 
corrasion  of  a  small  stream  upon  its  side.  It  is  more  probable  that  the 
former  drainage  of  Texas  Valley  and  perhaps  a  much  larger  area, 
as  shown  on  PI.  Y,  was  southward  by  the  present  course  of  Beach 
Creek.  When  the  degradation  of  the  Highland  Kim  period  revealed 
the  resistant  sandstones  of  the  Lavender  anticline,  the  stream  which 
found  itself  thus  unfavorably  located  was  robbed  of  its  head  waters 
by  streams  passing  around  the  end  of  the  obstruction  upon  soft  rocks. 
The  diversion,  however,  did  not  take  place  until  considerable  work 
had  been  done  upon  the  sandstones  at  the  summit  of  the  arch,  i)rob- 
ably  sufficient  to  cut  entirely  through  it,  so  that  the  beheaded  stream 
had  only  to  reduce  the  soft  rocks  below  and  cut  down  its  outlet  across 
the  southern  limb  of  the  fold. 

DEVELOPMENT  OF  STREAM  BASINS  OF  TYPE  III. 

In  plateau  synclines. — Coincident  with  the  growth  of  the  subse(|uent 
anticlinal  valleys  has  been  the  diminution  of  the  conseciucnt  synclinal 
basins.  These,  as  indicated  by  the  maps  showing  late  Cretaceous  drain- 
age (Pis.  IV  and  V),  were  then  much  larger  than  at  present.  The  north- 
ern jmrtion  of  the  Walden  syncline  had  been  robbed  of  its  consequent 
stream  In  a  previous  ejmch,  and  in  the  period  which  followed  succes- 
sive areas  were  abstracted  from  its  southern  i)ortion  by  the  aggressive 
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stream  developed  on  the  Sequatchie  anticline.  In  like  manner  the 
Lookout  synclinal  basin  was  greatly  diminished.  By  the  lowering  of 
adjacent  limestone  areas  to  the  Highland  Kim  base-level  it  was  left  in 
high  relief.  Its  streams,  flowing  at  an  elevation  several  hundred  feet 
above  base-level,  were  subject  to  capture  on  every  side.  They  were  to 
some  extent  in  a  state  of  unstable  equilibrium.  The  eastern  rim  of 
the  basin  was  breached  and  its  ujDper  portion  captured  by  a  tributary 
of  Chattanooga  Creek,  while  a  tributary  of  the  Coosa  intercepted  the 
main  trunk  stream  near  the  middle  of  its  course  and  diverted  it  from 
the  basin,  leaving  Black  Creek  as  its  shrunken  representative. 

In  valley  synclines. — The  several  branches  of  Armuchee  Creek  are 
examples  of  synclinal  streams  which  have  probably  not  persisted  in 
their  consequent  courses,  but  are,  to  a  certain  extent  at  least,  subse- 
quent, having  reached  their  present  position  by  a  process  of  adjust- 
ment. In  the  case  of  Texas  Valley,  the  original  consequent  stream 
was  diverted  from  the  syncline  of  hard  rocks,  now  represented  by  a 
small  mesa  in  the  center  of  the  basin,  to  soft  rocks  upon  adjacent  anti- 
clines. When,  by  further  degradation,  resistant  beds  were  reached 
upon  these  anticlines,  the  streams  followed  the  soft  beds  down  the  slopes 
toward  the  center  of  the  syncline.  There  are  at  present,  therefore,  two 
monoclinal  streams  with  a  synclinal  mesa  between  them,  and  when  the 
latter  is  entirely  removed  the  two  streams  will  combine  near  the  center 
of  the  syncline.  This  final  stage  has  already  been  reached  in  the  North 
Armuchee  Basin. 

These  subsequent  synclinal  streams  are,  under  present  conditions, 
stable  and  safe  from  diversion,  since  the  resistant  bed  forming  the  rims 
of  the  basins  passes  below  base-level.  If,  however,  the  region  should 
be  elevated  so  as  to  bring  tbe  Silurian  sandstone*  above  base-level,  they 
would  become  unstable  and  again  subject  to  diversion,  exactly  as  are 
those  upon  Lookout  Mountain. 

DEVELOPMENT  OF  STREAM  BASINS  OF  TYPE  IV. 

The  final  class  of  stream  basins  to  be  considered  is  that  of  which  the 
Hiwassee  forms  the  type.  This  class  is  confined  to  the  valley  belt, 
and  its  best  development  is  in  regions  where  the  Appalachian  type  of 
structure  prevails.  The  two  most  imjDortant  factors  in  producing  this 
drainage  type  have  been  the  presence  of  Appalachian  structure  and 
the  recurrence  of  several  well-marked  gradation  periods. 

During  each  base-leveling  epoch  the  streams  were  sluggish,  the 
interstream  areas  had  slight  relief,  and  the  effects  of  structure  and 
rock  character  were  reduced  to  a  minimum.  The  streams  were  nicely 
balanced  at  their  divides,  which  had  remttined  practically  stationary 
for  a  long  time,  no  stream  having  sufficient  advantage  over  its  neigh- 
bor to  effect  conquest  of  territory.  With  the  uplift  which  inaugurated 
the  next  gradation  period  the  streams  were  accelerated  and  the  deli- 
cate balance  between  the  opposing  streams  was  disturbed.    In  the 


HAYES.] 


STREAM  BASINS  OF  TYPE  IV. 


53 


consequent  struggle  for  ascendency  between  rival  streams  advantage 
was  taken  of  structure  and  rock  character,  factors  whose  importance  in 
drainage  adjustments  is  proportional  to  the  acceleration.  Streams 
which  found  themselves  located  upon  soft  rocks  had  great  advantage 
over  those  on  harder  rocks,  and  their  capture  of  territory  from  the 
latter  rapidly  followed.  Streams  which  succeeded  in  holding  their 
courses  across  hard  beds  were  compelled  to  cross  them  in  the  most 
economic  manner;  that  is,  at  right  angles  to  the  strike.  There  resulted 
from  these  conditions  the  peculiar  rectangular  arrangement  of  drainage 
so  well  developed  in  this  portion  of  the  Appalachian  Yalley.  The 
master  streams  of  the  region,  determined  by  the  broad  structural 
features  of  the  province,  are  axial.  Into  these  flow  a  few  large  trans- 
verse streams,  such  as  the  Hiwassee,  which,  by  reason  of  their  size, 
have  been  able  to  hold  their  courses  across  the  hard  beds.  Into  the 
transverse  streams  flow  many  axial  streams,  each  located  upon  a  strij) 
of  soft  rock.  Finally,  these  have  tributaries  joining  them  at  right 
angles  from  the  harder  rocks  on  either  side,  and  in  some  cases  a  third 
set  of  axial  streams  is  developed  tributary  to  the  second  set  of  trans- 
verse streams.  Thus  in  its  typical  development  the  drainage  shows 
five  classes  of  streams  in  descending  order,  as  follows:  First,  the 
primary  axial  streams,  e.  g.,  the  Tennessee;  second,  the  primary  trans- 
verse streams,  e.  g.,  the  Hiwassee;  third,  the  secondary  axial  streams, 
e.  g..  Candy  and  Rogers  creeks;  fourth,  the  secondary  transverse 
streams,  e.  g.,  Bigsby,  Potter,  Short,  Brush  Shoal,  and  Kock  creeks; 
and  finally,  the  tertiary  axial  streams,  e.  g.,  the  numerous  small  tribu- 
taries of  those  last  mentioned. 

The  extent  to  which  this  adjustment  has  been  carried  is  best  shown 
in  the  Hiwassee  Basin.  The  formations  which  make  up  the  valley  west 
of  the  Ghilhowee  Range,  when  classified  with  reference  to  erodibility, 
show  considerable  diversity  within  certain  limits.  The  Hiwassee  River 
pursues  a  very  direct  course  from  its  junction  with  the  Ocoee  north- 
westward, across  hard  and  soft  formations  alike,  to  the  Tennessee,  its 
tributaries,  the  secondary  axial  streams,  are  almost  Avithout  exception 
located  upon  the  most  easily  erodible  formations,  the  uj)per  part  of  the 
Knox  dolomite  and  the  overlying  Ohickamauga  limestone,  while  the 
greater  number  of  their  branches  come  from  the  side  on  which  the  next 
softer  formations  lie.  Thus  Rogers  Creek  is  located  u])on  the  Conasauga 
shale  and  receives  many  tributaries  from  the  increasingly  harder  Borne 
shale  and  sandstone  on  the  wes^,  but  almost  none  li'oni  the  Knox  dolo- 
mite on  the  east.  The  same  is  true  of  Price,  Spring,  and  North  Mouse 
creeks.  The  Chestuee  is  located  on  a  broader  belt  of  soft  rocks,  and 
hence  flows  in  broader  curves,  while  its  tributaries  come  in  about  equal 
numbers  from  the  east  and  the  west. 

Eastanaula  Creek  is  pecnliar  in  that  it  appears  to  retain  ior  a  short 
distance  south  of  Atliens  its  consecjuent  course  in  thesyncline.  North 
of  Athens  and  south  of  Riceville  the  consequent  stream  has  migrated 
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from  the  axis  of  the  syncline  to  the  slightly  more  advantageous  loca- 
tion upon  the  limestone.  The  stream  encounters  no  obstacles  in  its 
present  course,  except  the  Tellico  sandstone,  where  it  enters  and  leaves 
the  syncline.  This  had  not  retarded  it  enough  to  enable  the  subse- 
quent stream  to  quite  complete  the  capture,  although,  if  the  drainage 
were  greatly  accelerated,  this  would  probably  soon  be  accomplished. 
The  subsequent  tributary  east  of  Eiceville  would  easily  cut  back  along 
the  limestone  belt  and  capture  the  head  of  the  tributary  which  flows 
into  the  syncline,  since  the  latter  is  retarded  by  the  Tellico  sandstone. 
It  would  then  be  separated  only  by  a  low  limestone  divide  from  the 
Eastanaula  at  Athens,  and  if  the  acceleration  were  sufficient,  this  might 
be  cut  through  and  the  latter  diverted  to  a  subsequent  course.  Its  pres- 
ent channel  would  then  be  occupied  by  several  small  tributaries  flowing 
westward  from  the  syncline,  such  as  the  present  Meadow  Fork,  which 
doubtless  occupies  a  part  of  the  deserted  consequent  course  of  the 
Eastanaula,  from  which  it  has  been  recently  diverted. 

By  no  means  all  of  this  very  perfect  adjustment  was  accomplished  in 
the  second  cycle.  The  process  had  been  going  on  since  the  first  emer- 
gence of  the  regioD,  and  was  doubless  well  advanced  at  the  close  of  the 
preceding  cycle.  Also  some  of  the  adjustment  has  been  effected  since 
the  close  of  the  second  cycle,  and  a  few  streams,  as  the  Eastanaula, 
above  described,  persist  in  their  consequent  courses,  from  which  they 
may  yet  be  diverted. 

STREAM  BASINS  OF  WALDEN  PLATEAU. 

A  less  complicated  effect  of  structure  on  drainage  is  seen  in  the 
streams  flowing  eastward  from  Walden  Plateau.  The  arrangement  of 
this  drainage  is  intermediate  in  character  between  that  west  of  the 
Sequatchie  and  that  in  the  valley  belt.  The  upper  tributaries  of  these 
eastward-flowing  streams  show  the  same  irregular  branching  as  the 
tributaries  of  Collins  and  Cauey  rivers.  Along  the  eastern  side  of 
Walden  Plateau,  however,  the  effect  of  structure  was  pronounced.  It 
will  be  recalled  that  this  plateau  is  a  broad,  shallow  syncline,  sharply 
upturned  along  its  eastern  side.  Thus  the  resistant  sandstone  beds 
are  nearly  horizontal  throughout  the  greater  part  of  its  extent,  but  are 
steeply  inclined  and  in  some  places  vertical  along  the  eastern  edge. 
These  upturned  beds  offer  exceptional  resistance  to  stream  corrasion. 
Hence  only  the  largest  streams  have  been  able  to  hold  their  courses 
across  the  barrier  of  hard  rocks,  while  the  smaller  ones  have  been- 
turned  aside  by  the  barrier  and  converted  into  tributaries  of  those 
which  were  able  to  pass  it.  Thus  the  lower  tributaries  of  the  latter 
flow  toward  the  escarpment  and  then  turn  parallel  with  it  until  they 
reach  the  master  streams.  Although  the  steeply  dipping  conglomerate 
ledge  at  the  plateau  escarpment  appears  to  have  turned  these  streams 
aside  to  new  courses,  the  process  which  resulted  in  the  present  arrange- 
ment was  indirect.  When  the  drainage  of  this  region  was  stimulated 
by  uplift,  some  streams,  by  reason  of  their  greater  volume,  cut  their 
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channels  through  the  cono-lomerate  more  rapidly  than  others.  Small 
tributaries  of  the  larger  streams,  which  join  them  on  the  comparatively 
soft  rocks  back  of  the  upturned  conglomerate,  by  reason  of  the  rapid 
lowering  of  their  outlets  and  their  favorable  location,  cut  backward 
at  their  heads  parallel  with  the  escarpment  and  tapped  the  smaller 
streams  which  were  held  at  higher  levels  at  the  obstruction  formed  by 
the  upturned  conglomerate. 

THIRD  CYCLE. 

The  second  cycle,  although  extending  over  a  vast  period  of  time,  was 
much  shorter  than  the  first.  It  sufficed  only  for  the  development  of  a 
peneplain  upon  areas  of  comparatively  soft  rocks,  leaving  those  which 
were  protected  by  sandstone,  as  the  plateaus,  forming  extensive  unakas. 
It  was  brought  to  a  close  and  a  new  cycle  inaugurated  by  a  series  of 
oscillations,  the  final  result  of  which  was  elevation  with  some  warping 
of  the  surface.  The  effect  of  the  elevation  was  to  accelerate  the 
streams  and  start  them  to  corrading  their  channels.  The  effect  of  the 
warping  was  to  bring  about  important  stream  adjustments.  These 
were  confined  chiefly  to  the  largest  streams  of  the  region,  as  the  minor 
drainage  had  become  in  general  well  adjusted  in  the  preceding  cycle. 

Diversion  of  the  Appalachian  river. — The  large  axial  stream  in  the 
Appalachian  Yalley  continued  to  flow  southward  across  the  present 
divide  for  a  short  time  after  the  uplift,  but  it  was  able  to  cut  its  channel 
less  than  100  feet  in  the  peneplain  before  it  was  diverted  to  a  westward 
course.  The  process  by  which  this  westward  diversion  was  most  prob* 
ably  effected  has  been  fully  explained  by  Campbell  and  the  present 
writer  in  the  paper  already  cited.  The  conclusions  there  stated  are 
accepted  in  all  essential  points,  and  the  details  of  the  process  need  not 
be  repeated  here.  It  was  practically  a  repetition  of  the  process  by  which 
the  westward-flowing  streams,  in  the  preceding  cycle,  had  pushed  their 
head  branches  eastward  and  recaptured  a  portion  of  the  territory  lost 
in  an  earlier  cycle.  In  both  cases  an  important  advantage  possessed  by 
the  captor  was  derived  from  the  deformation  which  accompanied  the  ele- 
vation of  the  peneplain.  The  axial  streams  were  in  the  line  of  maximum 
uplift,  and  were  thus  obliged  to  lower  their  channels  throughout  the 
whole  of  their  courses,  while  the  acceleration  was  distributed  over  a  long 
distance,  and  hence  was  not  highly  effective  at  any  one  point.  Tlie 
transverse  streams,  on  the  other  hand,  flowed  away  from  the  axis  of 
uplift  and  hence  the  acceleration  was  concentrated  in  a  small  ])art  of 
their  courses  and  was  correspondingly  eflective  in  causing  rapid  corra- 
sion  of  their  channels.  In  both  cases,  also,  erosion  in  the  preceding 
cycle  had  prepared  the  way  for  conquest  in  the  one  which  followed. 
The  sandstone  barrier  was  either  entirely  removed  or  greatly  weakened, 
and  the  accelerated  aggressive  stream  on  the  Se<iuatchie  anticline 
found  itself  separated  from  its  field  of  conquest  only  l)y  a  comparatively 
feeble  barrier,  while  its  oi)ponent  in  both  cases  had  many  diihculties  to 
contend  with. 
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Minor  consequent  adjustments. — The  diversion  of  the  Appalachian 
river  to  a  new  course  through  the  plateau  brought  about  some  readjust- 
ments in  the  minor  drainage.  The  valley,  originally  fitted  to  the  main 
trunk,  was  later  occupied  in  part  by  a  reversed  tributary,  South  Chick- 
amauga  Creek,  and  in  part  by  a  beheaded  stream,  Chattooga  Eiver. 
In  general,  however,  the  minor  drainage  retained  the  very  perfectly 
adjusted  form  it  had  acquired  in  the  preceding  cycle.  In  all  portions  of 
the  region  in  which  the  streams  had  not  brought  their  channels 
down  near  base-level  in  the  preceding  cycle  the  drainage  was  scarcely 
at  all  affected  by  the  new  uplift.  They  were  slightly  accelerated  in 
their  lower  portions,  but  for  the  most  part  continued  as  before. 

Sequatchie  meanders. — The  Sequatchie  Eiver  had  reduced  its  imme- 
diate valley  to  a  very  perfect  plane,  across  which  it  meandered  from 
side  to  side.  The  uplift  caused  it  to  sink  its  channel  rapidly  in  this 
plane,  and  it  thus  preserved  the  meanders  it  acquired  in  the  precediug 
cycle.  From  the  arrangement  of  the  rocks  forming  the  Sequatchie 
anticline  comparatively  hard  beds  come  to  the  surface  in  a  belt  through 
the  center  of  the  valley,  giving  rise  to  a  low  ridge  on  which  remnants 
of  the  peneplain  formed  in  the  preceding  cycle  are  preserved,  while 
softer  rocks  form  narrow  valleys  on  either  side.  The  meanders  of  the 
base-leveled  stream  led  it  across  both  hard  and  soft  belts  and  its 
present  channel  thus  has  the  peculiarity  of  crossing  back  and  forth 
from  one  side  valley  to  the  other  through  gaps  in  the  ridge  between. 

Dissection  of  Rigliland  Bim  j[)lain. — West  of  the  Chattanooga  dis- 
trict, in  middle  Tennessee,  the  strata  rise  in  a  low  dome  which  had 
brought  the  hard  beds  at  the  base  of  the  Carboniferous,  the  Fort  Payne 
chert,  above  the  Highland  Eim  base-level,  so  that  they  were  removed 
from  a  large  oval  area  during  the  second  cycle,  while  they  were  below 
the  base-level,  and  hence  preserved,  in  a  broad  belt  entirely  surrounding 
it.  Degradation  following  the  ui)lift  was  rai)id  in  the  central  area, 
where  the  hard  beds  had  been  removed,  and  resulted  in  the  formation 
of  the  central  basin  of  Tennessee.  It  was  retarded  in  the  surround- 
ing region,  where  the  hard  beds  preserved  the  previously  formed  pene- 
plain now  forming  the  Highland  Eim.  The  large  streams  draining 
the  central  basin,  Cumberland  and  Duck  rivers,  flow  westward  through 
the  Highland  Eim  in  narrow  valleys.  Their  tributaries  from  the  east 
have  cut  deep,  narrow  channels  to  varying  distances  back  into  the 
hard  beds  of  the  rim,  whose  western  escarpment  they  are  now  pushing 
eastward  exactly  as  streams  from  the  plateau  are  wearing  back  the 
corresponding  plateau  escarpment. 

Probably  some  stream  adjustments  have  taken  place  upon  this  por- 
tion of  the  Highland  Eim  in  the  present  cycle.  Since  the  strata,  as 
stated  on  a  previous  page,  dip  eastward  at  a  low  angle,  the  hard  beds 
forming  the  surface  of  the  rim  toward  its  outer  edge  pass  below  the 
surface  as  they  approach  the  plateau  escarpment  and  are  replaced  by 
the  overlying  limestones.    The  stream  which  first  succeeded  in  lower- 


HAYES.] 


THIRD  CYCLE  OF  GRADATION. 


57 


iug  its  channel  across  the  outer  portion  of  the  rim  would  have  a  decided 
advantage  in  contending  with  its  neighbors  on  the  softer  rocks  to  the 
east.  The  successful  stream  was  Caney  Fork,  which,  by  reason  of  its 
greater  size,  lowered  its  channel  most  rapidly,  and  sending  out  side 
branches  upon  the  soft  rocks  near  the  foot  of  the  plateau  intercepted 
the  smaller  westward-iiowing  streams  and  diverted  them  to  the  east 
and  northeast.  Thus  Barren,  Charles,  Mountain,  Sink,  Pine,  and  Falls 
creeks  are  probably,  in  part  at  least,  reversed  streams,  formerly  flowing 
westward,  but  diverted  by  Ganey  Fork  to  their  present  courses. 

Condition  of  divides  unfavorable  for  adjustments. — The  drainage  adjust- 
ments of  this  cycle,  indicated  above,  were  rendered  possible  in  large 
measure  by  the  great  extent  of  base-leveled  surface  produced  in  the 
previous  gradation  period.  Subsequent  adjustments  have  been  insig- 
nificant by  reason  of  the  small  areas  base-leveled  during  this  period. 
Only  soft  rocks  were  reduced,  and  these  only  where  favorably  located, 
so  that  i)ractically  all  divides  remained  at  or  above  the  former  base- 
level  and  the  streams  when  stimulated  by  the  last  uplift  were  not  in  a 
condition  favorable  for  readjustments.  Hence,  in  most  cases,  they  have 
simply  lowered  their  channels,  i)reserving  the  meanders  acquired  in  the 
previous  cycle. 

Aggrading  streams. — Although  by  far  the  larger  number  of  streams  in 
the  district  are  at  present  corrading  their  channels,  a  few  are  aggrading 
them.  This  results  from  the  peculiar  relations  existing  between  supply 
of  load  and  carrying  power.  The  uplifts  which  have  taken  place  since 
the  completion  of  the  Cumberland  peneplain  have  produced  abrui)t 
slopes  by  reason  of  the  great  difference  in  erodibility  between  rocks 
forming  adjacent  areas,  such  as  the  Coal  Measure  sandstones  and  the 
limestones  of  the  valley.  The  limestones  were  lowered  perhaps  nearly 
to  base-level  before  corrasion  of  stream  channels  had  deeply  notched 
the  sandstone  escarpments,  and  hence  the  greater  portion  of  the  stream 
in  this  early  stage  of  development  would  be  flowing  in  a  sliallow 
depression  upon  the  standstone  of  the  highland  and  would  be  ineflicient 
as  a  corrading  agent.  Thus  while  the  stream  Avas  in  this  condition  the 
supply  of  load  remained  small  and  the  lower  portion  was  able  to  trans- 
port all  furnished  it,  and  so  continued  to  corrade  its  channel  to  a  very 
low  gradient.  With  the  gradual  lengthening  of  the  marginal  notch 
into  a  canyon  the  area  of  supply  increases.  A  long  line  of  clitfs 
bordering  the  stream  channel  yield  at  this  stage,  by  the  process  of  sap- 
ping, an  abundant  supply  of  coarse  material  to  the  stream,  which  is 
unable  to  transport  the  whole  of  it,  and  hence  forms  an  alluvial  deposit 
where  it  embouches  upon  the  lowland.  When  the  canyons  are  some- 
what broadened  and  extended  nearly  to  the  head  of  the  streams, 
although  the  clitf  line  may  be  much  longer,  the  sapjnng  is  less  active 
and  less  debris  is  furnished  to  the  stream.  It  is  then  able  to  remove 
the  material  which  it  had  previously  deposited  along  its  lower  course. 
The  alluvial  fans  are  thus  seen  to  be  merely   temporary  deposits 
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associated  with  a  particular  stage  in  the  development  of  the  stream 
basin. 

The  plateaus  have  been  in  strong  relief  for  so  long  a  time  that  most 
of  the  streams  heading  upon  their  surfaces  and  flowing  to  the  lower 
plain  have  passed  through  the  first  stage  and  are  well  advanced  in  the 
second  or  third.  The  best  examples  of  aggrading  streams  are  those  of 
intermediate  size  which  flow  eastward  from  the  Walden  Plateau.  They 
are  unable  to  carry  the  heavy  load  of  sandstone  which  they  acquire 
in  the  plateau  canyons  across  the  lowland  plain,  and  have  built  up 
sometimes  extensive  deposits  where  they  emerge  upon  the  valley.  In 
some  cases  the  streams,  except  during  freshets,  disappear  from  the  sur- 
face in  crossing  their  own  deltas.  Most  of  the  large  streams,  such  as 
Emory  Eiver  and  Grow  and  Battle  creeks,  are  sufficiently  mature  to 
be  able  to  carry  all  the  load  furnished  them,  and  are  no  longer  aggrad- 
ing, but  have  removed  the  greater  part  of  the  alluvial  deposits  pre- 
viously formed,  leaving  only  an  occasional  terrace  which  indicates  their 
former  extent. 

COIS^CLUSION. 

The  geographic  development  of  this  region  is  thus  brought  down  to 
the  present  and  its  topographic  forms  are  shown  to  be  the  complex 
product  of  several  factors,  each  in  some  measure  modifying  the  others. 
Some  conditions  have  been  practically  uniform  over  the  entire  region, 
while  others  vary  widely  in  different  portions,  and  the  effects  of  each 
factor  can  be,  to  some  extent,  detected  in  the  final  product. 

The  drainage  of  the  region  in  the  process  of  reaching  its  present 
maturely  adjusted  form  has  had  a  curious  pendulum-like  motion  j  first, 
westward  to  the  interior  sea  by  antecedent  streams,  then  diverted 
southward  to  consequent  courses,  and,  finally,  westward  as  subsequent 
streams.  Further,  it  is  quite  conceivable  that  the  drainage  of  the 
Appalachian  Valley  may  again  be  diverted  southward  to  the  Gulf,  for 
it  is  manifest  that  the  Coosa  has  a  decided  advantage  over  the  Tennes- 
see in  its  more  direct  course  to  the  sea;  it  is  only  necessary  that  the 
Tennessee  should  encounter  slightly  harder  rocks  than  the  Coosa  and 
that  future  elevations  of  the  region  should  lift  the  Mississippi  Valley 
as  much  as  the  Appalachian  Valley,  or  tilt  the  surface  slightly  eastward. 
The  latter  is  perhaps  the  most  important  condition,  and  the  careful 
student  of  geography  in  this  region  is  constantly  impressed  with  the 
important  part  which  slight  differences  in  uplift  play  in  drainage 
adjustment.  Effects  due  to  differences  in  rock  character  and  in  struc- 
ture are  generally  more  striking  and  are  first  detected,  but  the  broad 
modifications  of  drainage  are  most  apt  to  be  produced  by  the  slight 
warping  of  the  land  surface  which  appears  to  accompany  all  uplifts. 


U.S. GEOLOGICAL  SURVEY. 


MAP  SHOWING  THE  RELATIVE  DEVELOPMENT  AND  PRESERVATION  OF  Th 

BY  C.W. 

Topograph^'  generalized  from  published 
sheets  of  U.S.Geological  Surve^^  by  C.W.Hayes. 


Residuals, Monadnocks  above  [" 
The  Cumberland  peneplain  b; 


CONTOUR  If 

~~lResidual 
^MM  above  th 


NINETEENTH  ANNUAL  REPORT  PART  II.  PL.II. 


IE  PENEPLAINS  IN  THE  NORTHERN  HALFOF THE  CHATTANOOGA  DISTRICT 

YES  1897. 
H  ale 


I  i  -  VAL  250  FEET 

'.'  iadnocks  and  Unakas 
;ghland-Rim  peneplain 


Base-leveled  areas  of  the 
Coosa  peneplain 


Note  '■  Figures  indicate  the  altitude  of  the  Cumberland 
peneplain  in  hundreds  of  feet. 


lifli.Baltvmor 


U.S. GEOLOGICAL  SURVEY. 


MAP  SHOWING  THE  RELATIVE  DEVELOPMENT  AND  PRESERVATION  OF  TH  i 


Topograph}'  generalized  from  published 
sheets  of  U.S.Geological  Survey  hy  C.W.Hayes. 


BY  C.W.  l.^ 

Si 


I  Residuals.Monadnocks  above 
I  The  Cumberland  peneplain 


CONTOUR  INI  V 

Residuals,  i; 
above  the  ^| 

A.HoenX-  (j 


NINETEENTH  ANNUAL  REPORT  PART  IT.  PL. III. 


Note  ■•  Figures  indicate  the  altitude  of  the  Cumberland 
peneplain  in  hundreds  of  feet. 


NINETEENTH  ANNUAL  REPORT  PART  II.  PL.III. 


85  84^30 


REE  PENEPLAINS  IN  THE  SOUTHERN  HALF  OF  THE  CHATTANOOGA  DISTRICT 


A  HAYES  1897. 

:  — ^  "  I  =1  Note  •  Figures  indicate  the  altitude  of  the  Cumberland 


U.S. GEOLOGICAL  SURVEY. 


MAPSHOWING  THE  DRAINAGE  AT  THE  CLOSE  OFTHE  CUMBERLAND  GR/ 

BY  C.W.  I 
S 

Topo^raph3/  generalized  from  published  Lz:s=s=i 
sheets  of  U.S.Geological  Survey  hy  C.W.Hayes. 


CONTOUR  INI 

A.  Ho  en 


NINETEENTH  ANNUAL  REPORT  PART  II,  PL. IV. 


8+30' 


TION  PERIOD  IN  THE  NORTHERN  HALF  OF  THE  CHATTANOOGA  DISTRICT 

'E3  1897. 


AL  250  FEET 


ilh  Baltimore. 


Note:  Cretaceous  drainage  in  Green 
Present  drainage  in  Blue 


U.S. GEOLOGICAL  SURVEY. 


MAPSHOWINGTHE  DRAINAGE  AT  THE  CLOSE  OFTHE  CUMBERLAND  GRAI 


BY  C.W.  H 

s 


Topograph3/  generalized  from  published 
sheets  of  U.S.Geological  Survey  by  C.W.Hayes. 


CONTOUR  INT 


NINETEENTH  ANNUAL  REPORT  PART  II.  PL.V. 


[HON  PERIOD  IN  THE  SOUTHERN  HALF  OF  THE  CHATTANOOGA  DISTRICT 


ES  1897. 
e 


^L  250  FEET 


ith .  Baltimore 


NoteXretaceous  drainage  in  Green 
Present  drainage  in  Blue 


PRINCIPLES  AND  CONDITIONS  OF  THE  MOVEMENTS 

OF  GROUND  WATER 

BY 

FRAXKUX  HIRAM  KIXG 


59 


CONTENTS. 


Page. 


Introduction   67 

Chapter  I. — Geueral  considerations   69 

Amount  of  water  stored  in  the  gronnd   70 

In  sandstone   70 

In  soil   70 

In  other  rocks   71 

Depth  to  which  ground  water  penetrates   71 

General  movements  of  ground  water   71 

Gravitational  movements   72 

Seepage   72 

Influence  of  barometric  changes  on  the  discharge  of  water 

from  drainage  outlets   73 

Rate  of  seepage  modified  by  diurnal  changes  in  soil  tempera- 
ture   74 

Reaction  of  barometric  pressure  on  the  level  of  ground  water.  75 

Movements  due  to  crust  deformation  and  rock  consolidation   77 

Amount  of  water  laid  down  with  sediments   77 

Movements  of  inclosed  water  due  to  settling   78 

Movements  of  ground  water  due  to  consolidation   80 

Thermal  movements   81 

Displacement  of  water  by  expansion   81 

Displacement  of  water  by  growth  of  grains  and  the  filling  of 

pore  space   82 

Amount  of  rock  consolidation  a  measure  of  ground-water 

movement   83 

Capillary  movements   8r> 

Direction  of  movement   85 

Extent  and  rate  of  movement   85 

Diminution  of  ground  water  by  capillarity   85 

Amount  of  water  retained  by  capillarity   86 

Rate  of  loss  of  water  from  sands   00 

Percentage  of  precipitation  which  jienetrates  the  soil   1(4 

How  seepage  waters  find  their  way  into  drainage  channels   <I5 

Configuration  of  the  ground-water  surficc!   !I7 

Elevation  of  the  ground-water  surface  due  to  precipitation  ;in<l  percohition .  100 
Chapter  II. — Experimental  investigations  regarding  How  of  fluids  through 

porous  media   107 

Flow  of  fluids  through  rigid  porous  media   108 

Flow  of  water  through  wire  gau/e   105> 

F'low  of  fluids  through  disks  of  perforate<l  sheet  ]>rass   1 1'J 

Flow  of  fluids  through  M:i(lisf)n  sandstone   122 

Flow  of  water  ;nid  oil  through  ro«  k.  as  determined  by  N(!well   124 

Flow  of  wafer  throu-uh  other  sandstones   135 

Flow  of  water  through  8an«ls   1  17 


62       /  -        ■  CONTENTS. 

'  Page. 
Chapter  II. — Experimental  investigations  regarding  the  flow  of  fluids  through 

porous  media — Continued. 

-     Flow  of  air  and  water  through  sands,  sandstones,  and  other  porous  media.  157 

Flow  of  air  through  porous  media  under  low  pressure   157 

Flow  of  air  through  capillary  tubes  of  triangular  section...   163 

Flow  of  water  through  capillary  tubes  under  high  pressure   165 

Flow  of  air  under  high  but  variable  pressures  through  porous  media 

and  capillary  tubes   168 

F'low  of  air  through  sandstones   175 

Eesults  of  other  investigations  on  the  flow  of  water  through  soils   178 

Eesults  of  Darcy   178 

■     Eesults  of  Hagen   178 

Eesults  of  Seelheim   179 

Observations  of  Trautwine   182 

Observations  of  Welitschkowsky   183 

Observations  of  WoUny   186 

Eesults  of  other  investigations  on  the  flow  of  air  through  soils   190 

Observations  of  Fleck   190 

Observations  of  Welitschkowsky   190 

Observations  of  Eenk   190 

Observations  of  Ammou   191 

Observations  of  WoUny   192 

Departures  from  the  Poiseuille-Meyer  law  observed  with  capillary  tubes.  195 

Eesults  of  Poiseuille  with  water   195 

■  .       Eesults  of  Cohen   199 

Eesults  of  Meyer  with  air   200 

Summary  of  observations  on  the  relation  of  pressure  to  flow  of  fluids 

through  porous  media   202 

Significance  of  differences  in  the  value  of  the  coefficients  of  viscosity  as 

determined  by  different  methods   204 

Chapter  III. — Eate  of  flow  of  water  through  sand  and  rock   207 

Influence  of  form,  diameter,  and  arrangement  on  the  amount  of  flow   207 

Observed  pore  space  in  soil  and  rock   208 

Comparison  of  pore  space  in  different  materials   216 

Determination  of  the  diameter  of  soil  and  sand  grains   218 

Methods  of  determination  in  common  use   219 

Closeness  of  results  obtained  by  counting  and  by  weighing  ..  220 

New  method  of  determining  the  diameter  of  sand  and  soil  grains   222 

Description  of  the  apparatus   223 

Eesults  of  the  aspiration  method   224 

Influence  of  diameter  of  grain  on  the  rate  of  flow   228 

Method  and  apparatus  used   228 

Eesults  obtained   230 

Observed  rates  of  flow  of  water  through  sands   242 

General  movement  of  ground  water  over  v.ide  areas   245 

Specific  problems  stated   245 

Eesults  obtained   246 

..             Comparison  of  results  with  Dartou's  estimates   246 

Estimates  made  by  Professor  Slichter   247 

Movement  of  ground  water  through  fissures   249 

Growth  of  rivers   250 

Los  Angeles  Eiver   250 

Eate  of  seepage  into  the  flume  of  the  West  Los  Angeles  Water  Company..  253 
Eate  of  seepage  into  the  infiltration  pipes  of  the  Crystal  Springs  Land  and 

Water  Companj^   255 


CONTENTS.  63 

Page. 

Chapter  III. — Rate  of  flow  of  water  through  sand  and  rock — Continued. 

Rate  of  filtration  of  water  through  soil   256 

Percolation  of  water  into  undisturbed  field  soil   260 

Rate  of  lateral  flow  of  water  through  sands   264 

Observed  reduction  of  ground-water  pressure   270 

Time  required  to  lower  the  ground-water  level  by  a  system  of  iuliltration 

pipes   274 

Interference  of  two  wells  in  sandstone   276 

Rate  of  flow  of  water  into  wells   279 

Capacity  of  wells  computed  from  observed  flows   289 

Flow  of  water  into  drive-well  points   290 

Rate  of  pumping  from  drive  well  compared  with  rate  from  open  well   292 

Acknowledgments   294 


ILLUSTRATIONS. 


Page. 


Plate    VI.  Sands  used  in  apparatus  of  fig.  10,  natural  size   86 

VII.  Grains  of  crnslied  sandstone,  natural  size   138 

VIII.  Sands  from  Los  Angeles  River  Valley,  natural  size   148 

IX.  Maximum  and  minimum  pore  space  of  spherical  soil  grains   218 

X.  J,  Sand  No.  36,  natural  size;  B,  Sand  No.  37,  natural  size   232 

XI.  A,  Sand  No.  38,  natural  size;  B,  Sand  No.  39,  natural  size   234 

XII.  A,  Sand  No.  40,  natural  size;  B,  Sand  No.  41,  natural  size   236 

XIII.  A,  Sand  No.  42,  natural  size;  B,  Sand  No.  43,  natural  size   238 

XIV.  A,  Sand  No.  44,  natural  size;  B,  Sand  No.  45,  natural  size   240 

XV.  Contour  map  of  a  section  of  the  Los  Angeles  River,  showing  the 

level  of  the  ground-water  surface   252 

XVI.  Drainage  pit  in  plant  house   256 

Fig.   2.  An  ordinary  spring  curbed,  with  autographic  instrument,  recording 

changes  in  rate  of  discharge   72 

3.  Autographic  record  of  changes  in  rate  of  flow  from  spring  and  also  from 

artesian  well  one-half  mile  distant,  produced  at  the  same  time   72 

4.  Autographic  record  of  changes  in  rate  of  flow  of  spring  and  of 

changes  in  atmospheric  pressure  occurring  at  the  same  time,  the 
barograph  being  45  miles  west  of  spring   73 

5.  Autograpliic  record  of  changes  in  atmospheric  pressure  and  in  rate 

of  discharge  from  tile  drains  during  one  week   73 

6.  Autographic  record  of  suddeu  change  in  the  rate  of  discharge  from 

well  at  city  waterworks,  Whitewater,  Wisconsin   74 

7.  Autographic  record  of  diurnal  changes  in  the  rate  of  seepage  into 

tile  drain   75 

8.  Apparatus  demonstrating  flow  of  water  due  to  settling  of  sediments.  79 

9.  Diagrammatic  section  showing  flow  of  ground  water  due  to  consoli- 

dation of  sediments   80 

10.  Apparatus  use<l  to  demonstrate  the  water  retained  by  soils  after  long 

drainage  without  rainfall   86 

11.  Apparatus  used  in  measuring  the  loss  of  water  from  coarse  sands  by 

evaporation  from  surface  different  distances  above  plane  of  satura- 
tion  92 

12.  Contour  map  of  surface  of  ground  water   96 

13.  Contour  map  of  surface  of  ground  above  the  ground  water  of  fig.  12.  97 

14.  Diagrammatic  section   illustrating  seepage  and    the    growth  of 

streams   99 

15.  Diagram  showing  unoccupied  space  in  sands  after  two  and  one-hall 

years  of  seepage  without  rain  or  evapoiation   101 

16.  Diagram  representing  changes  in  the  level  of  ground  water,  following 

a  rain  of  3.19  inciies   105 

17.  Diagram  illustrating  the  influence  of  soil  air  in  inci-easing  the  se(>|)- 

age  into  wells   105 

18.  Api)aratus  used  in  studying  the  fiow  of  lluids  through  rigid  porous 

media   Ill 

19  GKOL,  PT  U  5  65 


66 


ILLUSTRATIONS. 


Page. 


Fig.  19.  Second  apparatus  of  wire  gauze,  with  two  internal  pressure  gages  ...  115 

20.  Curves  of  flow  of  water  through  wire  gauze   119 

21.  Apparatus  of  perforated  brass  disks   121 

22.  Curves  of  flow  of  water  through  Madison  sandstones  No.  1   124 

23.  First  apparatus  used  by  Newell  in  studying  the  flow  of  water  and 

oil  through  rock   125 

24.  Second  apparatus  used  by  Newell     127 

25.  Flow  of  water  through  Amherst  sandstone,  A5  and  A6   128 

26.  Flow  of  kerosene  through  Amherst  sandstone,  A3  and  A4   129 

27.  Flow  of  crude  pipe-line  oil  through  Amherst  sandstone,  A3  and  A4..  131 

28.  Diagram  showing  flow  of  water  through  red  Triassic  sandstone,  B, 

and  Bradford  sandstone,  K   132 

29.  Diagram  showing  relation  of  pressure  to  flow  of  water  through  fine 

Italian  marble   134 

30.  Apparatus  used  to  measure  the  flow  of  water  through  rock   136 

31.  Diagram  showing  relation  of  flow  to  pressure  through  Madison  sand- 

stone, Nos.  2  and  3   144 

32.  Apparatus  for  measuring  flow  of  air  through  rock  under  low  pres- 

sure  161 

33.  Apparatus  for  measuring  flow  of  air  through  rock  and  soil  under  high 

pressure   168 

34.  Seelheim's  apparatus  for  measuring  flow  of  water  through  sands   179 

35.  Apparatus  used  by  Wolluy  for  measuring  flow  of  water  through  soil.  183 

36.  Diagram  showing  the  relation  of  pressure  to  flow  of  water  through 

sands,  by  Welitschkowsky   185 

37.  Diagram  showing  the  relations  of  pressure  to  flow  of  water  through 

sands,  by  Wolluy   189 

38.  Diagram  showing  relation  of  pressure  to  flow  through  Poiseuille's 

capillary  tubes  F  and  F'   198 

39.  Curves  showing  the  variations  in  the  percentage  of  pore  space  in 

various  samples  of  sands,  soils,  and  crushed  rocks   216 

40.  Aspirator  for  determining  the  mean  effective  diameter  of  soil  grains.  223 

41.  Percolator  for  measuring  flow  of  water  through  sand   228 

42.  Diagram  showing  the  relation  of  observed  and  computed  flow  of  water 

to  the  squares  of  the  diameters  of  the  grains  of  sand  shown  in  Pis. 
X-XIV.   242 

43.  Diagram  showing  the  relation  of  observed  and  computed  flow  of  water 

to  the  squares  of  the  diameters  of  the  grains  of  sand  shown  in  Pis. 
X-XIV   243 

44.  Profile  of  the  growth  of  the  Los  Angeles  Eiver   252 

45.  Diagram  of  flume  of  We&t  Los  Angeles  Water  Company  and  vicinity.  254 

46.  Profiles  of  the  surface  of  the  ground  water  in  the  vicinity  of  the 

West  Los  Angeles  Water  Company   255 

47.  Diagram  showing  contour  of  ground-water  surface  produced  by 

water  percolating  into  soil  about  a  well   263 

48.  Apparatus  for  measuring  the  lateral  flow  of  water  through  sand  and 

the  lines  of  pressure   264 

49.  Diagram  showing  distribution  of  pressure  when  the  water  is  dis- 

charging from  stopcock  c  in  fig.  48    271 

50.  Diagram  showing  distribution  of  water  pressure  when  the  discharge 

is  from  stopcock  a  in  fig.  48   272 

51.  Autographic  record  of  changes  in  the  level  of  water  in  a  well  due  to 

pumping  another  well  1,133  feet  distant   277 

52.  Apparatus  used  in  demonstrating  rate  of  discharge  from  drive- well 

points   291 

53.  Apparatus  used  in  comparing  the  rate  of  pumping  from  a  drive  well 

and  from  an  open  well   293 


PRINCIPLES  AND  CONDITIONS  OF  THE  MOVEMENTS 

OF  GROUND  WATER. 


By  F.  H.  Kma. 


II>rTRODUGTIOK. 

During  our  earlier  investigatioDS  regarding  the  flow  of  water  through 
soils,  it  appeared  that  if  the  laws  of  capillary  flow  apply  to  the  move- 
ments of  water  and  of  air  through  soil,  it  ought  to  be  possible  to  arrive 
at  the  sizes  of  soil  grains  from  a  knowledge  of  the  flow  of  water  through 
the  sami^les  under  known  conditions.  Such  great  difficulties,  however, 
were  encountered  in  duiDlicating  results  with  water  that  air  was  sub- 
stituted as  the  medium  whose  flow  was  to  be  measured.  The  handling 
of  the  air  proved  so  much  simpler  and  expeditious  and  results  could  be 
duplicated  so  closely  that  in  1894  the  plan  was  laid  before  Professor 
81ichter  for  his  judgment  as  to  the  possibility  of  placing  the  method  on 
a  quantitative  basis.  This  seemed  to  him  possible,  and  he  kindly  con- 
sented to  undertake  a  preliminary  investigation,  which  resulted  in  the 
formula  for  computing  the  eflective  sizes  of  soil  grains,  presented  in  the 
first  portion  of  his  paper  in  this  volume.  When  it  was  found  that 
computed  results  agreed  with  observations  more  closely  than  had  been 
hoped  at  first,  a  return  was  made  to  water  as  a  means  of  checking  the 
accuracy  of  the  method  and  the  formula.  It  was  found  that  the  flow 
of  water  used  in  the  formula  gave  results  quite  comparable  with  those 
computed  from  air. 

At  this  stage  Mr.  Kewell  proposed,  in  189G,  to  assist  financially 
in  an  investigation  of  the  movement  of  ground  water,  and  the  writer 
consented  to  undertake  the  work,  with  j)ermission  to  secure  Professor 
Slichter's  services  in  the  development  of  certain  theoretical  phases  of 
the  subject.  The  work  was  prosecuted  during  the  year,  but  as  the 
results  which  could  be  submitted  at  the  close  were  quite  incomplete,  an 
extension  of  time  and  assistance  was  granted.  In  order  to  bring  Pro- 
fessor Slichter's  theoretical  investigations  into  as  close  touch  as  possible 
with  the  concrete  phases  of  our  study,  the  writer  formulated  for  his 
investigation,  and  discussed  with  him,  a  series  of  17  definite  problems, 
the  most  im])f)rtant  of  whicli  are  here  given  and  are  in  i)art  discussed 
in  the  last  portion  of  his  ])aper. 

Series  yl.  Problem  I. — (iiven  a  uniform  bed  of  unfissured  sandstone 
100  feet  thick,  lying  between  impervious  layers  and  dipping  5  feet  per 
mile.  (Jiven  further — (a)  a  uniform  temperature  of  10'^  C;  (h)  a  pore 
space  of  M)  i)er  cent;  {(•)  an  effective  size  of  grain  of  0.15  mm.;  (d)  an 
etiective  head  of  10  feet,  and  (6^)  sujiposing  no  cementing  or  clogging 
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material  between  grains,  required  the  possible  discharge  in  cubic  feet 
per  minute  per  foot  of  vertical  section  into  a  vertical  fissure  extending 
at  right  angles  to  the  dip  and  constantly  filled  with  water,  when  the 
fissure  is  20,  40,  60,  80,  100,  120,  140,  160,  180,  and  200  miles  from  the 
border  of  the  collecting  area.  The  rainfall  on  the  catchment  area  is 
sufficient  to  maintain  a  constant  overflow  across  its  border. 

ISeries  A,  FroMem  II. — With  conditions  of  Problem  I,  what  is  the 
rate  of  discharge  in  cubic  feet  per  minute  from  a  6-inch  well  extending 
entirely  through  the  sandstone  when  the  well  is  situated  20,  40,  60, 
80,  100, 120, 140, 160,  180,  and  200  miles  from  border  of  collecting  area? 

Series  A ,  Problem  III. — With  conditions  of  Problem  I  and  an  extent 
of  sandstone  equal  to  200  miles  at  right  angles  to  the  dip,  what  is  the 
minimum  distance  apart  of  wells  on  a  line  at  right  angles  to  the  dip  so 
that  there  shall  be  an  interference  to  the  extent  of  1  per  cent  of  the 
flow  of  Problem  II  and  when  the  line  of  wells  is  situated  at  20,  40,  60, 
etc.,  miles  from  the  border  of  the  catchment  area? 

Series  A,  Frohlem  IV. — The  same  as  III,  except  that  the  line  of  wells 
is  along  the  line  of  strike. 

Series  A,  Problem  Y. — Required  the  maximum  number  and  distribution 
of  6-inch  wells  under  conditions  of  I  and  II  on  an  area  200  miles  square 
so  that  there  shall  be  a  mutual  interference  of  1  per  cent;  of  20  per  cent. 

.  Series  A,  Problem  VIII. — With  the  conditions  of  I,  but  with  the 
upper  impervious  layer  removed  and  a  vertical  cliff  at  the  200-mile 
line,  required  the  rate  of  rainfall  over  the  whole  area  which  will  just 
make  surface  streams  impossible. 

Series  B,  Problem  I. — Given  200  feet  of  sandstone  with  grains  having 
an  effective  size  of  0.25  mm.  and  a  pore  space  of  32  per  cent  filled  with 
water  and  uniform  temperature  of  10°  0.,  required  the  capacity  of  a 
6-inch  well  100  feet  in  rock  when  the  water  in  the  well  is  lowered  4,  8, 
12, 16,  and  20  feet. 

Series  Problem  II. — With  the  conditions  of  I  and  the  water  low- 
ered by  pumjiing  20  feet,  required  {a)  the  flow  when  the  diameter  of  the 
well  is  2,  4,  6,  8,  10,  12  inches,  {b)  when  diameter  is  20  feet  and  22  feet 
deep,  (c)  Required  the  flow  when  {b)  has  one,  two,  and  three  6  inch 
wells  extending  through  the  water-bearing  rock. 

Series  B,  Problem  III. — With  the  conditions  of  Problem  I  and  a  head 
of  10  feet,  required  the  capacity  in  cubic  feet  per  minute  when  the  well 
enters  the  water-bearing  bed  4,  8^  12, 16,  20, 40,  80, 100,  and  200  feet. 

Series  jB,  Problem  IV. — With  the  conditions  of  I  except  depth  of 
sandstone,  and  well  20  feet  in  sandstone,  required  the  capacity  of  the 
well  when  the  water-bearing  rock  extends  0, 1,  2,  4,  10,  20,  40,  100,  200, 
and  400  feet  below  the  bottom  of  the  well. 

Series  B,  Problem  V. — With  the  conditions  of  I  and  water  lowered 
20  feet,  required  the  capacity  when'  the  eflective  size  of  the  grains  are 
0.02,  0.04,  0.06,  0.08,  0.1,  0.2,  0.4,  0.6,  0.8, 1.2,  and  3  mm.  in  diameter. 

Professor  Slichter's  solutions  of  those  of  these  problems  which  he 
has  made  directly  or  in  modified  form  have  been  very  heli)ful  in  this 
investigation,  and,  it  is  hoped,  will  enable  further  study  along  these 
lines  to  be  more  intelligently  prosecuted. 


CHAPTEE  I. 


GEKERAI.  CONSIDERATION'S. 

There  is  no  single  substance  entering  into  the  structure  of  the  earth 
which  has  played  and  is  playing  so  important  a  i^art  as  water.  Its 
aggregate  quantity  is  large.  It  has  the  widest  distribution.  It  is 
everywhere  in  relatively  rapid  motion.  In  the  gaseous  form  it  escapes 
from  the  bosom  of  the  ocean,  from  the  surface  of  the  soil,  from  the 
foliage  of  vegetation,  and  from  the  bodies  of  animals,  to  rise  to  varying 
altitudes  above  the  earth's  surface  and  to  be  precipitated  as  rain,  hail, 
or  snow.  So  rapid  is  this  movement  of  moisture  in  the  atmosphere 
that  it  has  been  estimated  that  G  per  cent  of  the  land  area  receives 
more  than  75  inches  of  rain  annually,  16  per  cent  receives  from  50  to  75 
inches,  25  per  cent  from  25  to  50  inches,  over  30  per  cent  from  10  to  25 
inches,  while  only  20  per  cent  receives  less  than  10  inches  a  year.  On 
one  occasion  in  Japan  a  fall  of  rain  measuring  29.5  inches  in  a  single 
day  AY  as  recorded,  while  in  India  no  less  than  39.5  inches  fell  during 
twenty-four  hours. 

Of  the  water  which  falls  upon  the  land,  one  jiortion  finds  its  way  by 
surface  flow  into  the  drainage  channels  at  once,  a  second  portion  is 
evaporated  from  the  j)lace  where  it  fell,  while  a  third  portion  enters 
the  ground. 

The  water  which  evaporates  from  the  earth's  surface  and  is  again 
periodically  precipitated  upon  it  maintains  that  moisture  of  the  soil 
which,  is  essential  to  plant  life,  and  that  constant  seepage  which  feeds 
perennial  springs  and  streams,  and  without  which  animal  life  in  its 
higher  forms  could  not  exist  upon  the  land  areas.  Further  than  this, 
it  is  the  constant  evaporation  of  water  from  the  sea  and  its  return  to 
the  land  in  sufficient  amounts  to  maintain  a  heavy  leaching  of  the  soil 
that  keeps  both  the  soil  and  the  water  at  that  standard  of  purity  which 
is  essential  to  the  life  of  land  areas  j  the  salts  formed  by  the  water  as 
it  moves  through  the  soil  and  the  rock  go  with  it  to  the  sea  and  are 
there  left,  when,  after  evaporation,  the  water  returns  fresh  and  pure 
through  the  atmosphere  above. 

AMOUNT  OP^  WATER  STORED  IN  THE  GROUND. 

In  sandstone. — Tlui  water  which  penetrates  the  soils,  the  sands,  and 
the  rocks  of  the  land  areas  does  so  in  such  large  (luantitics  tliat  sands 
and  sandstones  lying  below  drainage  outlets  may  contain  as  hi,i;h  as  :'S 
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per  cent  of  their  volume  of  water.  Broad  sheets  of  sandstone,  like  the 
Potsdam,  St.  Peters,  and  Dakota,  underlying  as  they  do  many  square 
miles  of  territory,  have  become  storage  reservoirs  of  vast  capacity. 
The  Dakota  sandstone,  for  example,  stretching  from  the  foothills  of  the 
Rocky  Mountains  eastward  beneath  the  plains  of  the  two  Dakotas, 
l^^'ebraska,  and  Kansas,  apparently  in  one  nearly  or  quite  contiunous 
sheet,  may  be  likened  to  a  submerged  inland  sea  or  lake,  for  wherever 
this  formation  lies  beneath  the  zone  of  saturation  it  carries  within  itself 
from  15  to  38  feet  of  water  on  the  level  for  every  100  feet  in  thickness 
of  the  sandstone  itself,  and  from  it  water  may  be  drawn  wherever  it 
lies  close  enough  to  the  surface  to  be  reached  by  wells.  The  Potsdam 
sandstone  is  a  formation  of  much  wider  distribution  than  the  Dakota, 
and  in  southern  Minnesota  and  Wisconsin  and  in  Illinois  and  Iowa  it  has 
a  measured  thickness  of  500  to  1,000  feet,  all  lying  beneath  the  surface 
of  saturation,  so  that  in  this  great  bed  there  has  been  stored  away  a 
quantity  of  water  equal  to  a  sheet  not  less  than  10  to  38  feet  in  depth 
for  each  100  feet  in  thickness,  and  500  feet  of  this  water-bearing  rock 
may  store  the  equivalent  of  an  inland  submerged  sea  having  a  mean 
depth  of  50  to  190  feet  of  water. 

In  soil. — Even  the  mantle  of  soil,  sand,  gravel,  and  clay  which  nearly 
everywhere  covers  the  surface  of  land  areas  carries  a  surprisingly  large 
amount  of  water  wherever  it  occurs  outside  of  arid  regions.  A  saturated 
sand  carries  from  20  to  22  per  cent  of  its  dry  weight  of  water,  while 
the  soils  and  clays  range  all  the  way  from  these  values  up  to  40  and 
even  50  per  cent  of  their  dry  weights.  Since  a  cubic  foot  of  dry  sand 
weighs  from  102  to  110  jDounds,  while  the  soils,  clays,  aud  gravels  range 
between  this  and  79  x)ouuds,  we  have  a  ready  means  of  expressing  quan- 
titatively the  water  which  is  continually  stored  in  this  mantle  of  loose 
materials  where  it  lies  below  the  plane  of  saturation. 

An  actual  determination  of  the  water-holding  capacity  of  natural 
soils  under  natural  conditions  gives  the  results  which  are  shown  in  the 
following  table : 

Table  slioioing  the  water  capacity  of  undisturbed  soils  when  lying  below  the  plane  of 

saturation. 


Kind  of  soil. 

Depth  of 
layer. 

Per  cent  of 
"water. 

Inches  of 
water. 

Inches. 

Marly  loam  

0  to  12 

41.3 

5.88 

Reddish  clay  

12  to  24 

28.1 

5.  03 

Reddish  clay  

24  to  36 

28.4 

5.07 

Clay  with  sand  

36  to  48 

24.8 

4.67 

Very  fine  sand  

48  to  60 

17.4 

3.  76 

Total  

24.  41 

KING.]  GENERAL  MOVEMENTS  OF  GROUND  WATER.  71 

It  will  be  seen  from  this  table  that  the  storage  capacity  of  soil  is  in 
round  numbers  at  the  rate  of  2  feet  of  water  for  5  feet  of  soil  or  40  feet 
of  water  on  the  level  for  every  100  feet  of  soil.  Where  soil  does  not 
lie  below  the  plane  of  saturation  it  usually  contains  75  per  cent  of  the 
amount  required  for  full  saturation,  except  during  dry  times  in  a 
surface  layer  1  to  5  feet  thick,  so  that  even  where  the  plane  of  satura- 
tion lies  below  a  large  thickness  of  soil  there  is  still  a  large  storage 
capacity  provided  for  water  if  the  mantle  of  loose  materials  is  thick. 
The  water  thus  stored  above  the  plane  of  saturation  will  vary  all  the 
way  from  about  4  ]3er  cent  of  the  dry  weight  for  coarse  mixed  sands, 
such  as  are  used  for  plastering,  up  to  as  high  as  32  per  cent  in  clays 
of  fine  texture. 

In  other  rochs. — But  the  water  stored  in  the  upper  strata  of  the  earth's 
surface  is  not  confined  to  the  beds  of  sand,  sandstone,  and  soils  which 
have  been  referred  to  above.  All  other  rock  beds  contain  more  or  less  of 
water,  either  in  the  interstices  of  the  rock  itself  or  in  the  fissures  which 
have  been  formed  in  them.  Even  the  compact  and  close  marbles  and 
granites  absorb  measurable  quantities  of  water;  for  example,  a  marble 
measured  by  Newell  was  found  to  absorb  0.23  per  cent  of  its  weight  of 
water,  which,  with  a  specific  gravity  of  2.701,  gives  a  weight  of  water 
per  cubic  foot  of  rock  amounting  to  0.3878  pound,  and  for  a  column  of 
rock  5,000  feet  long,  30  cubic  feet  of  water.  That  is  to  say,  so  small  an 
amount  of  water  as  0.0023  of  the  weight  of  5,000  feet  of  the  earth's  crust 
is  large  enough  to  form  a  continuous  sheet  about  the  globe  30  feet  deep. 

DEPTH  TO  WHICH  GROUND  WATER  PENETRATES. 

There  are  many  reasons  for  believing  that  water  i^enetrates  the  fis- 
sures and  interstices  of  the  earth's  crust  to  depths  even  exceeding 
10,000  feet,  and  if  the  water  so  inclosed  formed  no  larger  j)art  than  1 
per  cent  of  the  weight  of  the  material,  then  with  a  sjiecific  gravity  of 
2.65  the  amount  of  inclosed  water  would  be  quite  sufficient  to  form  an 
enveloi)e  265  feet  thick.  Considerations  like  these  make  it  evident  that 
water  has  a  distribution  in  the  rocky  interior  of  the  earth  quite  as  remark- 
able as  is  that  upon  its  surface  and  in  the  atmosi)here  above,  while  the 
parts  which  it  there  plays  are  both  very  numerous  and  extremely 
important. 

GENERAL  MOVEMENTS  OF  GROUND  WATER. 

Daily  observation  teaches  us  that  the  water  of  the  ocean  and  of  the 
atmosphere  is  never  at  rest,  and  so  it  is  with  that  Avhich  occupies  the 
interior  of  the  earth's  crust;  it,  like  the  others,  is  constantly  in  motion, 
and  these  motions  are  at  once  numerous,  extended,  and  very  complex, 
but  may  be  brought  together  under  three  categories — (1)  gravitational, 
(2)  thermal,  and  (3)  capillary  movements. 


\ 
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GRAVITATIONAL  MOVEMENTS. 


SEEPAGE. 

Among  gravitational  movements  by  far  the  most  important  is 
seepage,  and  the  term  as  here  used  is  intended  to  express  the  move 

meut  of  water  through  the  fine 
pores  of  soil  or  rock  under  the 
stress  of  gravitation.  Seepage 
begins  where  the  water  enters 
the  soil  and  ends  where  the 
water  again  escapes  into  pas- 
sageways which  are  larger 
than  capillary  or  which  lie 
above  the  surface  of  the  solid 
crust.  The  chief  motive  power 
in  seepage  is  the  hydrostatic 
pressure  of  the  water  itself, 
but  the  effects  of  hydrostatic 
pressure  are  intensified  or  re- 
duced in  various  ways.  It  has 
long  been  a  matter  of  common 
remark  among  observing  farmers  that  springs  flow  more  rajndly  on  the 
approach  of  a  storm  or  when  the  wind  is  from  the  east,  and  the  writer 


Pig.  2.— An  ordinary  spring;  curbed,  -with  autographic 
instrument  recording  changes  in  rate  of  discharge. 


Fig.  3. — Autographic  record  of  changes  in  rate  of  flow  from  spring  and  also  from  artesian  well  one- 
half  mile  distant,  produced  at  the  same  time    Upper  curve  for  spring ;  lower  curve  for  well. 


has  shown  in  Bulletin  No.  5  of  the  United  States  Weather  Bureau  that 
the  passage  of  a  low  barometric  depression  across  a  section  of  country 
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is  always  associated  with  a  more  rapid  discharge  of  water  from  springs, 
flowing  wells,  tile  drains,  and  seepage  outlets  of  all  kinds. 

Influence  of  barometric  changes  on  the  discharge  of  ivater  from  drain- 
age outlets.— A  more  definite  idea  of  the  magnitude  and  character  of 
the  disturbances  imposed  upon  the  discharge  of  water  from  the  seep- 
age channels  will  be 
gained  from  a  study  of 
figs.  2,  3,  4,  5,  and  (J. 

Fig.  2  shows  an  ordi- 
nary spring  which  has 
been  curbed  so  as  to 
force  the  water  to  rise 
and  discharge  into  a 
trough,  and  upon  which 
an  automatic  recording 
instrument  has  been 
placed  for  the  purpose 
of  measuring  the 
changes  in  the  head  of 
the  spring.  Fig.  3  is  a 
copy  of  a  curve  pro- 
duced by  the  rise  and 
fall  of  the  water  level 
of  the  spring-  in  ques- 
tion during  three  days.  The  lower  curve  in  the  same  figure  is  a 
record  of  the  changes  of  level  in  an  artesian  well  situated  about  one- 
half  mile  distant  and  produced  at  the  same  time.  Fig.  4  shows  the 
larger  changes  which  occurred  in  the  flow  of  water  from  the  spring 
during  the  period  of  May  4  to  May  16,  together  with  the  curve  of 

barometric  pressure 
which  was  associated 
with  these  changes. 
Fig.  5  shows  the  vari- 
ations in  the  rate  of 
discharge  from  a  sys- 
tem of  tile  drains  dur- 


FiG.  4.  — Autographic  record  of  changes  in  flow  of  spring  and  of 
changes  m  atmospheric  pressure  occurring  at  the  same  time, 
the  barograph  being  45  miles  west  of  the  spring.  Upper  curve, 
air  ])ressure ;  lower  curve,  flow  of  sjiring. 
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Fig.  5 — Autographic  record  of  changes  in  atmospheric  pressure  and  iug  OUC  WCCk  aild  the 
in  rate  of  discharge  from  til<i  drains  during  one  week.  Upporcurve,  barOIHCtric  chaU^'PS 
atmospheric  pressure ;  lower  curve,  discharge  from  tile  drains.  ^ 

to  whicli  tliese  varia- 
tions are  chiefly  due.  And  fig.  6  shows  a  lemarkable  change  in  tlie 
level  of  the  water  of  the  reservoir  of  tlie  city  waterworks  at  VVliite- 
water,  Wisconsin,  wliich  occurred  during  one  of  tliose  sudden  and  pro- 
nounced barometric  depressions  so  frequently  associated  with  tlninder 
showers. 

The  reservoir  in  whicli  tliis  sudden  increase  of  head  occurred  has  a 
diameter  of  100  feet,  and  from  it  water  was  discharging  over  the  top  of 
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a  standpipe  leading  out  through  the  bottom  and  having  an  opening  at 
the  top  9.75  inches  in  diameter,  this  being  an  expansion  on  the  end  of 
a  6-inch  pipe.  The  artesian  well  which  supplies  this  reservoir  has  a 
depth  of  979  feet  and  was  discharging  at  the  time  of  this  change  at 
the  mean  rate  of  about  14  cubic  feet  per  minute.  It  will  be  seen  that 
the  head  in  the  reservoir  increased  rapidly  during  about  fifteen  min- 
utes and  then  fell  away  more  gradually  during  about  seventy-five 
minutes,  when  the  original  head  was  again  attained. 

There  was  a  heavy  shower  at  the  time  this  curve  was  obtained,  but 
it  does  not  seem  possible  that  it  could  have  produced  any  considerable 
part  of  the  change  recorded,  particularly  since  it  lasted  but  for  a  few 
moments.  Then,  too,  as  the  overflow  pipe  was  situated  within  3 
feet  of  the  float  of  the  recording  instrument,  it  does  not  appear  that 
any  action  of  the  wind  could  have  been  steady  enough  and  strong 
enough  to  bank  the  water  about  the  instrument  to  such  an  extent  as  to 

produce  the  eflect  which  was 
recorded,  particularly  since  the 
curve  is  so  regular  as  it  is. 

The  observed  variations  in  the 
head  of  the  spring  showed  that 
the  influence  of  barometric 
changes  are  great  enough  to 
modify  the  rate  of  flow  by  as 
much  as  8  per  cent  of  the  full 
normal  rate  of  discharge.  The 
observed  changes  in  the  case  of  the  tile  drains  amounted  to  as  much 
as  15  per  cent,  while  the  curve  obtained  from  the  reservoir  of  the 
city  waterworks  at  Whitewater  indicates  changes  much  greater  than 
these.  Indeed,  during  ten  consecutive  days  measurements  were  made 
of  the  rate  at  which  the  reservoir  filled  uj)  after  it  was  pumped  down 
for  the  i^urposes  of  the  city,  and  it  was  found  that  during  that  time  the 
mean  rate  of  flow  per  minute  changed  through  as  wide  limits  as  from 
15.441  cubic  feet  to  13.947  cubic  feet  per  minute,  a  variation  of  fully  10 
per  cent,  where  the  volume  of  flow  is  itself  large. 

It  is  clear,  therefore,  that  barometric  changes  do  exert  a  far- 
reaching  influence  upon  underground  drainage  coming  from  any  and 
all  depths,  and  the  magnitude  of  this  influence,  it  is  believed,  is  so 
great  and  so  far-reaching  as  to  be  capable  of  registration  on  streams 
and  lakes  with  suitable  instruments  properly  i)laced.  Indeed,  records 
have  already  been  obtained  from  the  Wisconsin  and  Fox  rivers  in 
Wisconsin,  and  from  Lake  Mendota,  which  appear  to  support  this 
belief,  but  the  data  procured  are  not  extended  enough  to  establish  the 
point. 

Rate  of  seepage  modified  by  diurnal  changes  in  soil  temperature, — Dur- 
ing the  same  series  of  investigations  which  led  to  the  results  just  cited 
it  was  also  established  that  the  diurnal  changes  in  soil  temperature 


!FiG.  6. — Autographic  record  of  sudden  change  in  the 
rate  of  discharge  from  well  at  city  A^aterworks, 
Whitewater,  Wisconsin. 
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which  occur  in  mid-  and  late  summer  have  a  sufficiently  marked  intlu- 
ence  upon  the  rate  of  seepage  to  be  recorded  by  the  device  used 
upon  the  spring  and  referred  to  under  fig.  2.  The  effects  are  brought 
out  cleaTly  in  fig.  7,  where  the  upper  curves  show  diurnal  clianges  in 
the  level  of  water  in  shallow  wells,  while  the  lower  curve,  marked 
"drain,"  shows  variations  in  the  rate  of  flow  of  water  from  a  system 
of  tile  drains,  the  two  wells  in  question  being  in  the  same  piece  of 
land. 

These  variations  iri  the  height  of  water  in  the  wells  and  in  the  rate 
of  discharge  of  the  tile  drains  are  due  not  so  much  to  changes  in  the 
viscosity  of  the  ground  water  as  they  are  to  variations  of  pressure 
due  to  the  expansion  and  contraction  of  the  gas  confined  in  the  soil 
with  and  above  the  water. 

Reaction  of  barometric  pressure  on  ground  tvater, — The  evidence  now 
at  hand  is  insufficient  to  show  in  a  conclusive  manner  just  how  changes 
in  atmospheric  x>ressure  do  produce  those  variations  in  the  rates  of 
seepage  to  which  reference  has  been  made;  but  there  are  two  radically 
different  modes  of  action,  by  either  of  Avliich 
we  may  suppose  the  changes  in  the  rate  of 
flow  are  brought  about. 

In  the  first  place  it  may  be  supposed  that 
the  general  level  of  the  ground  water  surface 
is  depressed  or  elevated  bodily,  as  the  case 
may  be,  by  barometric  changes,  the  loading 
of  the  air  wjyon  a  region  depressing  the 
ground- water  surface  of  that  region,  and  the 
unloading  of  it  liermitting  the  level  to  be 
partly  or  wholly  restored  again.  In  the  second 
place  it  may  be  supposed  that,  through  an  un- 
equal permeability  to  air  of  the  soil  above 
standing  water  in  the  ground,  the  changes 
in  atmospheric  pressure  are  more  quickly  felt  by  the  water  surface  at 
some  ])oints  than  they  are  at  others,  and  as  a  consequence  a  rising 
barometer  will  cause  the  water  to  be  depressed  in  wells  and  in  the 
more  open  soils,  the  water  being  forced  into  both  the  capillary  and 
non capillary  spaces  of  the  adjacent  less  permeable  areas,  while  a 
reduced  air  pressure  would  permit  the  confined  air  in  the  soil  of  the 
more  permeable  regions  to  react  and  force  the  water  out  into  drainage 
channels,  thus  producing  the  phenomena  of  increased  flow  of  springs 
and  artesian  wells  during  times  of  low  barometer  as  they  are  observed 
to  occur. 

If  differences  of  barometric  pressure  amounting  to  1  inch  (Icvclo]) 
on  opposite  sides  of  the  Athmtic  Ocean,  then  the  0(^ean  surface,  as  a 
result  of  this  uncfiual  loading,  will  be  depressed  over  tlic  region  whei  e 
the  pressure  is  high,  wliile  it  will  rise  over  regions  when^  the  i)rcssnre 
is  low,  and  a  deformation  of  the  ocean's  surface  to  the  extent  of  1.13 


Fig.  7. — Autographic  record  of  di- 
urnal cliarges  in  rate  of  seepai;e 
into  tile  drain. 
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feet  would  be  the  result.  So,  if  we  suppose  a  continental  ground- water 
surface  in  a  state  of  drainage  equilibrium  to  be  similarly  circum- 
stanced, its  surface  would  be  deformed  in  like  manner,  and  as  a  result 
of  this  deformation  the  water  would  stand  higher  in  wells  and  dis- 
charge more  rapidly  from  springs  and  other  drainage  outlets  where  the 
atmospheric  pressure  is  low,  while  the  converse  would  be  true  under 
the  high  area. 

If  Mr.  G.  H.  Darwin '  is  correct  in  his  estimate  that  if  the  barometer 
rises  1  inch  over  Australia  the  increased  pressure  is  sufficient  to  depress 
the  continent  2  or  3  inches,  aod  that  the  tides  which  twice  a  day  load 
the  shores  of  the  Atlantic  may  cause  the  land  to  rise  and  fall  as  much 
as  5  inches,  there  seems  to  be  no  physical  reason  why  the  ground- water 
surface,  being  more  mobile  than  the  rigid  earth  and  at  the  same  time 
capable  of  nioving  through  its  interstices,  should  nob  suffer  a  deforma- 
tion greater  than  the  land  itself  w^hen  subjected  to  a  similar  load. 

If  a  horizontal  canal  be  conceived  to  extend  a  distance  of  2,000  miles 
and  to  lie  wholly  above  the  general  drainage  plane,  so  that  water  might 
discharge  through  gates  of  equal  capacity  at  the  two  ends,  it  is  evident 
that  were  a  low  barometric  pressure  to  pass  over  one  end  while  a  high 
pressure  came  upon  the  other,  the  water  would  begin  discharging  more 
rapidly  under  the  low  pressure  and  less  rapidly  under  the  high.  In 
like  manner  it  appears  possible  for  changes  in  barometric  ]Dressure  to 
depress  the  ground-water  surface  in  one  section  and  to  x^ermit  it  to  rise 
in  another  so  as  to  change  the  relative  rates  of  seepage  in  the  two 
regions,  the  discharge  becoming  more  rapid  in  the  region  of  low  pres- 
sure and  less  rapid  in  the  region  of  high. 

Studies  made  regarding  the  rate  of  change  of  level  of  water  in  wells 
during  1888,  1889,  and  1890  show  that  in  1888  the  level  of  the  ground 
water  fell  at  the  mean  rate  of  0.235  inch  daily  when  the  barometer  was 
rising,  while  it  rose  at  the  mean  daily  rate  of  0.141  inch  during  the  days 
when  the  barometer  was  falling.  In  1889  the  mean  daily  rates  were  0.143 
inch  of  fall  under  rising  barometer  and  0.046  inch  of  fall  under  falling 
barometer,  while  in  1890  the  changes  were  a  fall  of  0.295  inch  for  the 
former  and  0.098  inch  fall  for  the  latter,  making  the  mean  fall  of  the 
ground  water  per  day  during  the  three  years  0.224  inch  for  x^eriods  of 
rising  barometer  and  0.001  inch  during  x)eriods  of  falling  barometer; 
relations  such  as  these  should  be  expected  if  the  changes  in  baro- 
metric pressure  are  capable  of  affecting  the  general  level  of  the  ground 
water.  It  should  be  stated  that  the  observations  here  referred  to 
were  made  during  that  portion  of  the  year  when  the  ground  water 
is  as  a  general  rule  falling  rather  than  rising. 

Turning  now  to  the  second  hypothesis  stated,  the  following  conditions 
furnish  a  foundation  for  it :  The  caj^acity  of  water  to  retain  air  con- 
densed within  itself  increases  with  the  pressure  to  which  it  is  subjected; 
and,  again,  air  does  not  readily  escape  from  the  interstices  of  a  fine- 


1  Mature,  Vol.  XXVIII,  p.  367. 
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grained  soil,  especially  if  it  is  saturated  or  nearly  saturated  with 
moisture. 

Under  these  conditions  it  may  be  assumed  that  when  an  area  of  low 
barometer  passes  over  a  district  the  equilibrium  between  the  confined 
gases  in  the  soil  water  and  surface  tension  is  destroyed,  and  a  part  of 
the  absorbed  air  escapes  to  unite  with  the  air  already  in  the  interstices 
of  the  soil  with  the  water,  and  by  the  expansion  of  these  two  volumes 
of  air  it  reacts  upon  the  underground  water,  tending  to  augment  the 
hydrostatic  pressure  and  thus  to  increase  the  rate  of  discharge  into 
drainage  channels. 

On  the  other  hand,  when  the  conditions  of  barometric  pressure  become 
reversed,  then  the  permanent  rarefication  which  the  soil  air  has  sus- 
tained by  a  withdrawal  of  a  portion  of  the  water  and  also  of  the  air 
from  the  interstices  of  the  more  impermeable  soils  will  permit  the 
increased  barometric  pressure  to  force  back  into  the  soil  interstices  a 
part  of  the  water  which  had  reached  the  more  open  regions  and  drainage 
channels,  thus  lowering  the  water  in  wells,  and,  by  offering  a  greater 
resistance  to  the  discharge  of  water  into  drainage  channels,  actually 
decrease  the  rate  of  seepage  by  establishing  what  amounts  to  the  same 
thing — a  less  steep  gradient  or  difference  of  jiressure. 

This  hypothesis,  however,  appears  much  more  applicable  to  the 
short-period  fluctuations  which  the  records  often  show  than  to  those 
which  are  more  gradual  and  which  involve  the  movement  of  so  much 
water,  as  in  the  case  of  the  spring  at  Whitewater,  which,  as  the  record 
shows,  continued  to  flow  under  an  increased  head  for  days  in  succession 
with  a  falling  barometer,  producing  a  curve  very  nearly  parallel  with 
that  of  a  barometer  situated  45  miles  distant. 

In  the  case  of  those  fluctuations  in  the  diurnal  rate  of  drainage  which 
have  been  referred  to  and  which  are  expressed  by  the  curve  in  fig.  7,  it 
is  quite  clear  that  the  increased  flow  as  the  temperature  rises  must 
be  due  to  the  pressure  developed  by  the  expansion  of  the  air  confined 
in  the  soil  above  the  zone  of  saturation,  resulting  in  a  pressure  Avhich 
augments  the  hydrostatic  pressure  due  to  difference  of  level. 

MOVEMENTS  OF  GROUND  WATER  DUE  TO  CRUST  DEFORMATION  AND  ROCK  CONSOLI- 
DATION. 

Another  phase  of  the  gravitational  movements  of  ground  water  must 
always  have  been  ass()(;iated  with  those  slow  subsidences  of  the  earth's 
crust  whi(;h  have  occurred  in  regions  where  deposition  has  been  going 
on,  the  major  movement  of  the  ground  water  taking  place  toward  tlie 
region  of  elevation,  where  denudation  has  been  in  progress. 

Amount  of  wdter  laid  doicn  fcifJt  scdiniotfs. — We  know  tli;it  wlien  sedi- 
ments are  laid  down  on  the  borders  of  tlie  ocean  or  over  the  bottom  of 
inland  seas,  gulfs,  or  bays  there  becomes  locked  up  with  them  large 
volumes  of  water,  (quantities  varying  from  lio  to  50  per  cent  of  tlie 
volume  of  the  sediment,  ac(;ording  as  the  pore  space  in  the  sediment  is 
large  or  small. 
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It  will  be  seen  in  another  part  of  this  paper  that  the  pore  space  of 
loose  sands,  when  packed  as  closely  as  tamping  and  jarring  will  secure, 
amounts  to  from  30  to  38  per  cent,  while  the  pore  space  of  clays  and 
finer  soils  runs  up  as  high  as  45  and  even  above  50  per  cent,  and  there 
is  no  reason  to  suppose  that  the  sediments,  whether  they  be  sands, 
clays,  or  limestone  debris,  will  be  laid  down  with  greater  compactness 
than  we  have  been  able  to  secure  in  our  experimental  work. 

Seelheim  ^  has  shown  that  when  an  emulsion  of  fine  clay  and  water 
is  allowed  to  stand  quietly  for  some  time  under  conditions  where  no 
jarring  can  take  place  the  clay  subsides,  assuming  a  stratified  condi- 
tion, but  containing  a  large  amount  of  water.  He  found  where  no 
jarring  took  place  that  the  upper  layers  contained  more  water  than  the 
lower  ones,  the  proportion  being  1  volume  of  clay  to  3.84  volumes  of 
water  in  the  upper  strata  and  1  volume  of  clay  to  1.78  volumes  of  water 
in  the  lower  strata.  That  is  to  say,  in  the  loosest  settling  79.34  per 
cent  of  the  volume  of  the  sediment  was  water  and  in  the  closer  packing 
there  was  still  64.03  per  cent  of  pore  space. 

Where  the  settling  was  allowed  to  take  place  under  frequent  jarrings 
Seelheim  secured  a  uniform  texture  throughout  and  greater  compact- 
ness, but  there  was  still  a  pore  si)ace  of  54.54  per  cent.  He  further 
showed  that  there  was  no  sensible  reduction  of  pore  space  when  the 
sedimentation  was  caused  to  take  place  under  a  i)ressure  of  102  feet 
of  water  instead  of  a  few  feet.  Further  than  this,  there  is  no  rea- 
son to  suppose  that  the  pore  space  of  sediments  laid  down  under 
water  will  not  be  filled  very  largely  with  the  water  in  which  they  are 
deposited. 

Movements  of  inclosed  ivater  due  to  settling. — When  fine  sediments  are 
being  laid  down  over  beds  of  a  coarser  character  there  is  a  tendency 
for  a  part  of  the  entangled  water  to  escape  downward.  The  finer  sed- 
iments, as  first  laid  down  under  water,  have  a  relatively  very  large  pore 
space,  but  in  the  course  of  time  this  becomes  reduced,  partly  by  slow 
segregation  and  partly  by  compression  with  the  accumulation  of  sed- 
iment above,  but  before  such  consolidation  can  take  place  a  portion  of 
the  water  must  be  expelled,  and  this  necessitates  a  flow  of  water  either 
upward,  downward,  or  laterally. 

In  the  experimental  studies  made  in  connection  with  this  investiga- 
tion it  has  been  necessary  to  adopt  methods  of  freeing  the  samples  of 
sand  or  of  soil  from  air  before  introducing  them  into  the  apparatus  in 
which  the  capillary  or  other  movements  of  water  were  to  be  studied, 
and  in  doing  this  for  one  series  of  exi3eriments  one  of  the  classes  of 
movements  of  water  here  under  consideration  was  incidentally  demon- 
strated. 

The  apparatus  is  represented  in  fig.  8,  and  consisted  of  a  cylinder  1 
foot  in  diameter  and  4  feet  high,  which  contained  a  layer  of  sand  and 


'  Methoden  zur  Bestimmung  der  DurcMassigkeit  des  Bodens :  Zeitschrift  f iir  analytische  Chemie, 
Vol.  XIX,  p.  387. 
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gravel  in  the  bottom  and  was  provided  with  an  opening,  to  which  a 
piece  of  rubber  tubing  was  attached,  intended  to  provide  a  means  of 
admitting  water  at  the  bottom,  so  as  to  permit  study  of  the  rate  of 
capillary  movement  upward  through  a  medium  to  be  placed  in  the  cyl- 
inder above  the  sand  and  gravel. 

In  order  to  insure  the  absence  of  air  from  the  sand  or  soil  in  which 
the  capillary  movements  were  to  be  studied,  the  cylinder  was  first 
partly  filled  with  water  and  then  the  material  to  be  studied  was  worked 
np  in  small  lots  under  water  to  free  it 
from  air  and  then  poured  in  until  the 
cylinder  was  tilled.  While  working  in 
this  way,  whether  with  fine  sand  or 
with  soil,  it  was  found  that  during  sev- 
eral days  a  considerable  settling  would 
take  place,  and  new  quantities  of  the 
material  needed  to  be  added. 

At  the  time  this  settling  was  going 
on  water  flowed  in  considerable  quan- 
tities out  of  the  upper  end  of  the  rubber 
tube  and  back  into  the  reservoir  above 
the  water,  rising  to  a  height  of  4  inches 
above  the  top  of  the  tank  and  6  inches 
above  the  level  of  the  soil  and  water 
in  it.  The  rising  of  the  water  G  inches 
higher  than  its  head  while  flowing  out 
of  the  bottom  of  the  tank  and  back  into 
it  above  seemed  paradoxical  at  first, 
but  became  plain  enough  after  a  little 
reflection.  So  long  as  the  material  in  the 
cylinder  continued  to  settle,  the  water 
which  was  in  the  sand  or  soil  must  nec- 
essarily move,  which  of  course  it  did, 
taking  the  ])ath  of  least  resistance.  A 
portion  of  the  water  no  doubt  worked 
its  way  upward  through  the  subsiding 
sediment  and  reached  the  surface  in 
tliat  way,  but  another  i)ortion  found  the 
line  of  least  resistance  to  be  downward 
through  tlie  sand  and  gravel  and  thence 
up  through  the  rubber  tube,  the  resist- 
ance to  fiow  upward  the  other  way 
being  great  enough  to  overcome  an  in- 
creased head  of  0  inches. 

This  princi])le  must  have  come  ])romin('ntly  into  ])]'<\y  dnring  the 
process  of  sedimentation  in  all  geologic  ages,  and  most  pronsincntly 
where  heavy  deposits  of  line  sediments  have  been  laid  down  over  those 


Fi(i.  8  — Apparatus  clemonstratin<;  flow  ol 
water  due  to  scttlin;/  of  scMliincnt s. 
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of  a  coarser  texture.  Fig.  9  illustrates  the  nature  of  this  movement 
under  one  of  many  ]Dossible  conditions. 

We  have  no  quantitative  measure  of  the  amount  of  compression 
which,  under  the  conditions  of  natural  sedimentation,  takes  place 
V  where  beds  of  shale  and  limestone  are  formed,  but  in  these  experiments 
both  those  with  very  fine  sand  and  those  with  ordinary  soil,  the  com- 
pression amounted  to  as  much  as  4  inches  in  as  many  feet,  and  while 
the  amount  of  water  which  escaped  through  the  sand  at  the  bottom 
was  not  measured,  it  is  believed  that  it  was  much  more  than  enough 
to  have  covered  the  surface  of  the  cylinder  1  inch  deep. 

But  this  movement  of  water,  although  of  considerable  magnitude 
when  measured  by  the  time  during  which  it  has  taken  place  and  the 
wide  areas  over  which  it  has  occurred,  is  yet  very  small  when  com- 
pared with  other  movements  in  the  same  category.  Such  consolidation 
of  sediments  and  displacement  of  water  as  may  have  taken  place  by 
the  ordinary  iDrocesses  of  sedimentation  unaided  by  other  agencies 
must  still  have  left  large  volumes  of  inclosed  water  to  be  deeply  buried 
in  districts  like  the  Appalachian  region,  where,  during  Paleozoic  time, 


Fig.  9. — Diagraraiuatic  section  sboTring  flow  of  ground  water  clue  to  consolidation  of  sediments. 

if  the  estimates  of  Dana  are  accepted,  an  aggregate  subsidence  and 
sedimentation  of  36,000  feet  must  have  taken  place. 

Movements  due  to  consolidation, — When  these  rock  materials  were 
first  laid  down  the  pore  space  containing  water  could  hardly  have  been 
less  than  33  per  cent,  so  that  at  one  time  they  have  contained  in  the 
aggregate  more  than  1,200  feet  of  water.  But  as  most  of  the  rocks  of 
the  Appalachian  region  have  been  greatly  consolidated  and  very  many 
of  them  highly  metamorphosed  and  crystallized,  the  present  pore  space 
compared  with  its  original  volume  is  very  small.  In  much  of  these 
beds  we  know  the  pore  space  to  be  less  than  1  per  cent.  If  we  sui3- 
pose  the  average  jjore  space  of  the  Paleozoic  rocks  of  the  Appalachian 
region  to  be  as  high  as  23  x)er  cent  and  this  to  be  still  occupied  by 
water,  there  would  yet  have  been  a  displacement  of  water  for  the  whole 
series  amounting  to  a  depth  of  3,600  feet.  The  actual  pore  space  of 
these  rocks  is  now  very  much  less  than  23  joer  cent,  so  that  there  has 
certainly  been  a  very  large  movement  of  water  out  of  them  since  their 
deposition,  a  movement  which  must  have  been  twice,  if  not  thrice, 
the  amount  stated  above,  if  such  depths  of  sediments  were  formed. 
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lu  the  interior  region  of  the  North  American  continent,  where  but 
little  metamorphism  has  taken  place,  there  has  been  a  very  large  con- 
solidation of  sediments,  i)articularly  of  those  of  a  calcareous  nature, 
for  many  of  the  limestones  have  at  the  present  time  an  extremely  small 
pore  space,  some  of  them  being  among  the  most  compact  rocks,  so  that 
from  them  there  must  have  been  a  large  expulsion  of  water. 

Even  our  sandstones  have  lost  in  pore  space  until  many  of  the  open 
ones  contain  as  low  as  25  to  15  per  cent,  which  means  that  their  original 
storage  capacity  for  water  has  been  reduced  10  to  20  per  cent  and  that 
this  amount  of  water  has  been  expelled  from  them  during  the  period 
when  these  reductions  of  pore  space  have  been  taking  place. 

These  large  volumes  of  water  which  have  been  carried  beneath  the 
earth's  crust  as  a  phase  of  the  j)rocess  of  sedimentation  must  in  part 
have  reappeared  at  the  surface  in  one  place  or  in  another,  and  there  must 
of  necessity  be  an  underflow  of  the  entrapped  sedimentary  waters  from 
beneath  the  ocean  toward  the  land,  just  as  there  has  been  and  now  is  a 
large  movement  of  the  sediments  themselves  in  the  same  direction,  as 
was  pointed  out  in  May,  1885.^ 

It  is  plain  that  in  those  regions  where  large  and  long-continued 
subsidence  is  taking  place  there  must  of  necessity  be  a  lateral  move- 
ment which  will  iDrovide  the  space  in  which  the  subsiding  materials 
may  find  room;  and  as  the  inclosed  water  is  so  extremely  mobile  and 
capable  of  being  readily  driven  through  the  interstices  and  fissures  of 
the  rock  mass  this  is  the  material  which  will  sufier  the  first  and  the 
largest  displacement,  and  hence  be  driven  in  whatever  direction  exit 
may  be  found;  thus  we  have  here  one  of  the  profound  gravitational 
movements  of  ground  water,  and  one  whose  magnitude  is  seen  to  be 
very  great  when  the  geologic  time  and  the  geographic  area  through 
which  it  has  occurred  are  considered. 

THERMAL  MOVE^IENTS. 

The  thermal  movements  of  ground  water  belong  to  two  classes;  first, 
those  which  are  the  result  of  direct  expansion  and  contraction  due  to 
changes  of  temperature;  and,  second,  those  which  are  rei)resented  by 
the  phenomena  of  diffusion,  osmosis,  and  solution. 

Displacement  of  tvater  by  expansion. — When  during  the  process  of 
subsidence  water-bearing  sediments  are  carried  downward  through 
several  thousand  feet,  one  of  the  first  results  of  this  displacement  is  a 
large  increase  of  volume  by  expansion  due  to  rise  in  temi)erature,  and 
whatever  increase  in  volume  may  take  pla(;e  in  such  region,  whether 
it  be  in  that  of  the  water  or  of  the  sediments  themselves,  it  becomes  a 
measure  of  displacement,  and  a  fiow  of  water  in  some  direction  is  the 
result.  At  the  same  time  the  movement  of  tlie  water  is  gieatly  facili- 
tated by  the  mere  rise  in  tern i)erature,  for  tlie  resistance  to  tlow — the 

'  Internal  chemical  and  mechanical  erosion  a  factor  in  continent  and  mountain  building:  Am.  Nat., 
1880,  p.  '.r,. 
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internal  friction — is  much  less  in  hot  water  than  in  cold  water.  Poi- 
senille  found  that  water  at  a  temperature  of  45^  C.  flowed  2.5  times  as 
fast  under  otherwise  like  conditions  as  water  at  5°  0. 

Displacement  of  water  by  growth  of  grains  and  filling  of  pore  space. — 
The  second  type  of  thermal  ground-water  movement  is  much  more 
important  in  the  results  which  it  produces  than  the  first,  and  while 
the  movement,  when  measured  in  feet  traveled  in  a  given  time,  is  small, 
the  sum  total  of  work  done  by  it  is  very  large.  It  is  this  movement, 
associated  with  the  final  consolidation  of  such  rock  as  the  quartzites, 
which  must  have  been  one  of  the  chief  means  of  transporting  to  the 
places  of  deposition  about  the  original  sand  grains  the  materials  which 
have  so  completely  filled  the  interstices  of  the  sandstone  as  nearly  to 
have  annihilated  the  once  large  pore  space. 

As  the  gravitational  streams  of  water  flow  through  the  interstices  of 
the  rock  the  movement  is  chiefly  along  the  most  direct  and  most  open 
channels.  Indeed,  except  under  very  high  pressures  and  very  rapid 
flows,  there  is  surrounding  each  grain  a  layer  of  water  which  has  become 
stationary  and  does  not  move  with  the  rest;  and  it  is  in  this  film  of 
stationary  water  that  the  growth  of  the  old  sand  grains  takes  place, 
producing  that  interlocking  which  converts  a  friable  sandstone  first 
into  a  good  building  stone  and  finally  into  a  hard  and  impervious 
quartzite  almost  devoid  of  pores  of  any  size. 

As  the  processes  of  crystallization  and  precipitation  go  forward  upon 
the  surfaces  of  the  sand  grains  beneath  the  films  of  stationary  water 
the  amount  of  solids  which  it  is  holding  in  solution  is  reduced  and  the 
water  becomes  purer  than  that  of  the  current  which  is  passing,  and  it 
is  at  this  stage  that  the  second  type  of  thermal  ground-water  move- 
ment comes  into  play. 

Were  it  not  for  the  processes  of  solution,  diffusion ^  and  osmosis  each 
grain  of  sand  would  come  to  be  invested  with  a  film  of  pure  water 
which  would  effectually  prevent  further  change;  but  as  it  is,  no  sooner 
is  there  a  portion  of  the  material  held  in  solution  in  the  stationary  film 
laid  down  upon  the  sand  grains  than  the  energy  of  difl'usion  forces  a 
new  supply  out  of  the  moving  current  into  the  stationary  film,  and  so 
long  as  the  inward  diffusion  is  sufficiently  rapid  to  maintain  a  state  of 
saturation  consolidation  of  the  rock  mass  goes  forward  by  the  growth 
of  the  sand  grains.  On  the  other  hand,  if  a  change  in  the  character 
of  the  current  passing  the  stationary  films  surrounding  the  sand  grains 
occurs,  so  that  its  water  is  less  saturated  than  is  that  of  the  film,  solu- 
tion may  be  set  up  and  the  pore  space  of  the  rock  be  increased.  It  is 
this  latter  condition  which  is  everywhere  maintained  in  humid  soils, 
where  the  frequent  precipitation  of  new  suj^plies  of  fresh  water  main- 
tains a  nearly  constant  solution  of  the  soil  grains  and  a  leaching  away 
of  the  products  dissolved. 

But  in  those  regions  of  the  earth's  interior  where  a  constant  satura- 
tion of  the  water  is  maintained  growth  may  be  going  forward  and  a 
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reduction  of  the  pore  space  steadily  taking  place.  As  the  sand  grains 
become  larger,  as  the  growing  faces  of  crystals  push  out  into  the  sta- 
tionary film  of  water  which  invests  them,  this  film  is  itself  pushed 
ibrward,  and  a  repetition  of  the  process  steadily  reduces  the  internal 
surface  of  the  rock  to  which  the  water  film  may  adhere;  thus  each 
addition  to  the  permanent  rock  structure  forces  an  equal  volume  of 
the  stationary  water  of  the  film  to  enter  the  moving  current. 

It  is  evident,  therefore,  that  a  thousand  feet  of  sandstone,  covering 
many  thousand  square  miles  and  containing  20  per  cent  of  its  volume 
of  water,  may  lose  by  this  method  of  thermal  ground-water  movement 
19  per  cent  of  its  volume  of  water,  while  at  the  same  time  being  con- 
verted into  a  firm  rock  containing  a  pore  space  of  but  1  per  cent. 

Amount  of  rode  consolldatioii  a  measure  of  ground- water  movement. — 
The  final  or  nearly  complete  consolidation  of  50,000  square  miles  of 
sediment  1,000  feet  deep,  having  a  i)ore  space  of  33  per  cent,  filled  with 
water,  involves  the  actual  transfer  to  adifi'erent  region  of  the  equivalent 
of  a  sheet  of  water  50,000  square  miles  in  area  and  300  feet  deep,  when 
there  is  still  left  within  the  mass  a  pore  space  of  3  per  cent  filled  \vith 
water;  and  this  thermal  ground-Avater  movement,  large  as  it  is,  is  an 
amount  over  and  above  w^hatever  volume  of  gravitational  flow  may  have 
been  required  to  transport  the  materials  held  in  solution  necessary  to 
do  the  work  of  making  so  prodigious  a  fill  as  is  here  implied,  namely,  the 
equivalent  of  covering  50,000  square  miles  to  a  depth  of  300  feet  with  a 
solid  rock  material  almost  devoid  of  pores.  It  is  only  when  we  consider 
these  slow  and  long  processes  of  nature  in  their  quantitative  relations 
that  we  can  realize  how  large  and  how  important  they  have  been  and 
still  are. 

Mr.  T,  M.  Read  has  estimated  that  the  Mississippi  River  carries  to 
the  sea  annually  150,000,000  tons  of  rock  materials  held  in  solution, 
equivalent  to  1,848,000,000  cubic  feet  of  solid  rock,  having  a  specific 
gravity  of  2.0;  but  with  water  of  this  degree  of  saturation  it  Avould 
require  the  volume  of  the  Mississij)pi  River  in  continuous  flow  more 
than  00,000  years  to  make  the  fill  referred  to  above,  supposing  all  of  the 
solids  in  solution  were  laid  down. 

If,  then,  it  is  true  that  the  sandstones,  limestones,  and  shales  which 
have  been  deposited  over  the  sea  bottom  have  reached  their  juesent 
degree  of  consolidation  by  the  movement  of  cementing  materials  through 
the  agency  of  ground  water,  we  can  see  how^  great  and  how  long  con- 
tinued these  movements  must  have  been.  Even  if  it  is  held  t  hat  a  large 
part  of  the  reduction  of  the  pore  space  in  sedimentary  deposits  has  in 
metamorphic  regions  been  brought  about  through  mechanical  coinin  es- 
sion  and  flowage,  there  must  still  have  been  even  here  a  large  iiio\ cinent 
of  ground  water,  both  thermal  and  gravitational. 

Then  again,  if  the  extremely  small  pore  sj)ace  of  limestones  wliich 
are  not  metamorphic,  owe  this  condition  to  tlu^  interstitial  dej)osition  of 
carbonates  and  to  growth  about  the  sedimentary  granules,  here,  too,  a 
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very  large  work  must  have  been  done  through  the  thermal  and  gravi- 
tational moveuients  of  ground  water ;  for  whether  the  original  sediments 
which  have  been  converted  into  limestone  were  fine  or  coarse  grained, 
they  must  have  been  laid  down  with  an  associated  volume  of  water 
equal  to  from  30  to  50  per  cent  of  that  of  the  original  sediments. 

But  the  limestones  as  now  taken  from  the  quarries  bave,  as  a  rule,  a 
pore  space  varying  from  less  than  1  per  cent  to  7  or  8  per  cent  at  most ;  so 
that  the  final  formation  of  every  1,000  feet  of  compact  limestone  means 
an  expulsion  of  water  from  those  beds  during  the  process  of  growth 
and  consolidation  amounting  to  not  less  than  one-fourth,  and  possibly  as 
much  as  one-half,  of  the  present  volume  of  limestone  rock. 

If  it  be  assumed  that  nonmetamorphic  limestones  hav^e  reached  their 
present  compact  condition  through  a  segregation  which  has  resulted  in 
a  shrinkage  to  the  extent  of  the  consolidation,  rather  than  by  the 
growth  of  the  original  grains  through  a  deposition  of  materials  from 
solution,  the  water  of  deposition  must  still  have  been  expelled,  and 
there  must  even  then  have  been  a  ground-water  movement  to  the 
extent  at  least  of  the  interstitial  water  taking  the  place  of  developed 
fissures  and  other  cavities  resulting  from  such  a  segregation. 

In  the  case  of  the  extensive  beds  of  clay  deposits  which  have  given  rise 
to  shales  and  rocks  of  that  type,  it  is  not  improbable  that  the  extremely 
large  original  pore  space  of  40  to  50  per  cent  in  these  sediments  has 
been  reduced  to  its  present  small  i)roportions  through  compression;  but 
be  this  as  it  may,  there  must  even  then  have  been  a  ground-water 
movement  measured  by  the  actual  reduction  of  j)ore  space  which  has 
taken  place,  for  the  water  of  sedimentation  must  of  necessity  have  been 
expelled  before  the  reduction  of  volume  could  have  occurred. 

It  may  be  supposed  that  under  certain  conditions  the  water  of  sedi- 
mentation may  have  been  converted  into  the  gaseous  state  and  expelled 
from  the  rock  structure  as  steam,  or  possibly  even  separated  into  its 
elementary  constituents  and  driven  out  as  another  chemical  substance; 
but  if  this  has  been  the  case,  here,  too,  there  has  been  a  ground-water 
movement  equal  to  the  volume  of  the  water  of  sedimentation  and 
expressed  by  20  to  40  per  cent  of  the  cubic  measure  of  the  rock  mass 
involved. 

When  we  pause,  therefore,  to  contemplate  the  gigantic  thickness 
of  sedimentary  and  metamorphic  rock  of  world-wide  distribution  which 
the  investigations  of  geologists  have  disclosed,  and  remember  that  any 
reduction  of  the  pore  space  in  these  rock  materials  means  a  movement 
of  ground  water  out  of  them  to  the  extent  of  that  reduction,  we  realize 
that  the  movement  must  have  been  very  great,  and  if  we  attempt  to 
assign  dimensions  to  the  volume  of  water  moved  nothing  less  than 
sheets  of  continental  proportions  and  several  hundreds  of  feet  thick 
for  the  various  land  areas  will  answer  the  requirements.  And  if  the 
materials  which  have  closed  the  pore  spaces  in  these  beds  of  rock  have 
been  borne  to  their  places  in  solution  in  the  water  flowing  through 
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them,  tlien,  indeed,  has  there  been  a  great  game  of  give  and  take,  go 
and  come,  played  by  the  grains  of  sand,  always  wearing  out  and  ever 
forming  anew,  and  the  water,  which  knows  no  rest  on  land  or  sea. 

CAPILLARY  MOVEMENTS. 

The  capillary  movements  of  ground  water  are  mostly  confined  to  the 
superficial  deposits  of  land  areas.  Indeed,  it  may  be  said  that  they  are 
almost  exclusively  limited  to  the  unconsolidated  soils  which  lie  above 
the  surface  of  saturation.  There  can  be  no  capillary  movements  of 
water  either  in  loose  sediments  or  in  indurated  rocks  where  the  pore 
spaces  are  already  filled  with  water.  On  the  contrary,  capillary  move- 
ments of  ground  water  take  i)lace  in  directions  leading  away  from  pore 
spaces  which  are  wholly  or  i^artly  filled  with  water  and  toward  those 
which  are  entirely  empty  or  are  less  nearly  filled  than  those  from  which 
they  move. 

Direction  of  movenmit. — Capillary  movement  may  take  place  upward, 
downward,  or  laterally.  Immediately  after  and  during  rains,  when  the 
surface  soil  is  more  moist  than  that  below,  capillary  action  aids  gravity 
and  hastens  the  penetration  of  water  into  the  ground  j  but  as  soon  as 
the  surface  soils  become  drier  than  those  below  the  capillary  currents 
are  reversed  and  the  flow  is  upward.  In  a  zone  of  soil  occupied  by 
feeding  roots  the  movement  will  be  toward  the  roots  from  all  sides 
where  the  adjacent  soil  has  its  pore  sx)aces  more  highly  charged  with 
water  than  that  in  the  vicinity  of  the  roots  themselves. 

Extent  and  rate  of  movement, — The  rate  of  capillary  movement  varies 
with  the  distance  the  water  must  be  raised  and  with  the  character  of 
the  pore  space  through  which  the  water  must  move.  Where  the  move- 
ment is  vertically  upward  through  a  distance  of  1  foot  it  has  been  found 
by  experiment  that  the  rate  for  a  fine  sand  was  2.37  i^ounds  per  square 
foot  per  day  of  twenty-four  hours;  when  the  lift  was  increased  to  2  feet 
tlic  movement  became  2.07  pounds;  at  3  feet  it  was  1.23  pounds,  and 
at  4  feet  only  0.91  pound  per  square  foot.  A  similar  trial  with  medium 
clay  loam  gave  a  movement  of  2.05  i^ounds  for  a  lift  of  1  foot,  1.G2 
pounds  for  2  feet,  1  pound  for  3  feet,  and  but  0.9  jwund  Avhere  the  lift 
was  4  feet. 

There  are  as  yet  no  sufficiently  exact  data  relating  to  fiehl  conditions 
to  show  through  what  distances  vertical  capillary  movements  of  water 
take  jdace.  But  the  observations  quoted  show  that  it  is  (juite  rai)id 
at  4  feet;  so  rapid  indeed  that  were  it  maintained  throughout  tlie  year 
it  would  deliver  at  the  surface  the  equivalent  of  G3.85  inches  of  water 
and  almost  prevent  any  part  of  the  rain  from  sinking  d(;eply  beneath 
the  surface  over  much  the  larger  part  of  tlie  United  States. 

hinihuition  of  {/round  irafer  Inj  capillaritj/. — The  most  geiun-al  effect 
of  capilhirity  ui)on  the  ground  water  is  to  diminish  its  (puintity  by 
bringing  the  rec^ently  precipitated  water  to  the  surface  of  the  soil  or  to 
the  roots  of  plants,  where  it  is  lost  by  evaporation,  and  \\  ere  it  not  for 
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this  action  of  capillarity  the  volume  of  streams  flowing  into  tlie  sea 
would  be  greatly  increased.  Capillarity  exerts  its  least  influence  in  the 
direction  uuder  consideration  in  regions  where  the  surface  soils  are 
coarse  and  sandy  and  Avhere  they  are  underlain  with  coarse  sand  and 
gravels  having  great  thickness  above  the  ground- water  surface.  Under 
such  conditions  as  these  rain  water  finds  its  way  to  the  ground-water 
surface  with  the  greatest  dispatch,  and  very  little  returns  by  capillarity 
to  the  surface. 

Amount  of  water  retained  hy  capillarity. — The  variations  in  the  rate 
of  percolation,  or  the  rate  at  which  water  moves  downward,  are  well 
brought  out  in  the  following  experiment,  which  had  for  its  primary 
object  measurements  of  the  water-holding  power  of  long  columns  of 
soil. 


r+T 
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Fig.  10. — Apparatus  used  to  demontrate  the  water  retained  by  soils  after  long 
drainage  without  rainfall.  A,  tubes;  B,  section  of  tube;  C,  cork  with  glass 
tube  drawn  to  a  fine  point  to  prevent  evaporation ;  D,  collecting  flask ;  JS,  vent. 

Five  galvanized-iron  cylinders,  8  feet  long,  5  inches  inside  diameter, 
with  the  construction  illustrated  and  explained  in  fig.  10,  were  filled 
with  sorted  and  chemically  dry  sands  of  five  degrees  of  fineness.  The 
effective  sizes  of  these  grains  are  given  in  the  table  which  follows,  and 
the  actual  size  is  shown  in  PI.  Yl. 

When  the  apparatus  was  filled  with  sand,  water  was  slowly  intro- 
duced from  the  bottom,  so  as  to  expel  the  air,  until  the  pieces  were  full, 
and  then  x)ercolation  was  started  in  all  at  the  same  time,  the  water 
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being  received  in  flasks  placed  beneath  the  cylinders.  The  rate  of 
percolation  was  measured  by  readings  at  intervals  during  nine  con- 
secutive days,  and  in  the  following  table  are  given  the  amounts  of 
water  which  were  discharged  between  the  intervals  of  weighing. 

Amount  and  per  cent  of  water  which  percolated  from  columns  of  sand  8  feet  long  during 

190  hours  44  minutes. 


Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

20. 

40. 

60. 

80. 

100. 

Dry  weight  of  sand,  grams  

50, 050. 0 

49,  060.0 

48, 490. 0 

48,  6.50.0 

49,340.0 

Per  cent  of  pore  space  

38.86 

40.06 

40.  76 

40.  57 

39.  77 

Effective  size  of  grains,  millimeters  . . 

.4745 

.1848 

.1551 

.1183 

. 08265 

Total  discharge : 

Grams   

7,  499.  2 

7,  042.  7 

6, 234. 4 

4,  873. 5 

4, 154.0 

Per  cent  

15. 29 

14.  35 

12.  86 

10. 02 

8.  42 

Detailed  report  of  experiment  giving  above  results. 


Sand  No.  20. 

Sand  No.  40. 

Sand  No.  60. 

Sand  No.  80. 

Sand  No.  100. 

Time. 

Grams. 

Per 
cent. 

Grama. 

Per 
cent. 

Grams. 

Per 
cent. 

Grams. 

Per 
cent. 

Grams. 

Per 
cent. 

H. 

M. 

30 

3,  298.  3 

6.  59 

2,  427. 1 

4.95 

1,730.0 

3.57 

486.0 

.999 

390.0 

.791 

30 

1, 506  5 

3.01 

1,687.5 

3.44 

1,451.9 

3.00 

416.7 

.856 

278.2 

.564 

1 

7 

713.7 

1.43 

837.3 

1.71 

531  2 

1.  10 

551.0 

1.132 

330.7 

.  670 

1 

32 

486.8 

.97 

478.3 

.97 

763.4 

1  57 

541.7 

1. 113 

353.7 

.  717 

1 

34 

229.3 

.46 

289.6 

.59 

376.2 

.78 

476.7 

.980 

305.2 

.019 

2 

33 

193.7 

.39 

212.  3 

.43 

249.0 

.51 

507.3 

1.043 

375.8 

.762 

15 

0 

463.3 

.93 

489. 1 

1.00 

579.0 

1.19 

944.3 

1.945 

1, 103.  3 

2.033 

23 

0 

250.  8 

.50 

211.0 

.40 

217.9 

.45 

410.2 

.843 

499.4 

1.012 

24 

0 

85.0 

.17 

94.6 

.  19 

123.7 

.26 

184.5 

.379 

161.0 

.326 

24 

9 

68  8 

.  14 

78.3 

.016 

46.9 

.10 

99.3 

.204 

149.8 

.304 

24 

5 

66.8 

.  13 

23.5 

.05 

33.8 

.07 

49.7 

.102 

59.0 

.  120 

23 

35 

27.0 

.05 

26.1 

.053 

1.9 

.004 

26.8 

.055 

38.6 

.075 

49 

55 

10.  92 

.22 

188.0 

.38 

129.5 

.27 

179.3 

.369 

209.3 

.042 

After  these  measurements  were  made  the  flasks  were  weighed  from 
time  to  time  as  water  percolated  into  them,  and  the  dates  of  weighing 
and  the  amounts  of  water  discharged  between  the  intervals  are  given 
in  the  table  which  follows. 
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Table  showing  downward  ijercolation  in  columns  of  sand  8  feet  long  under  conditions  of 
no  surface  evaiwraiion  and  no  addition  ofivater. 


Date. 

2U. 

60. 

80. 

100. 

1894. 

Grams. 

Grams. 

Grams. 

Grams. 

Grams. 

February  7  

0.6 

0.8 

13.1 

20.5 

21.5 

February  8  

.0 

.0 

11.2 

12.4 

.0 

February  9  

19.2 

24.3 

.0 

22.7 

20.1 

February  12  

1.1 

14.8 

28.2 

8.5 

23.2 

February  13  

.0 

14.8 

7.8 

17.3 

27.1 

11.3 

8.4 

19. 1 

8.7 

12.7 

February  17  

7.5 

1.2 

9.7 

1.0 

5.0 

February  19  

10.2 

1.3 

37.3 

19.9 

13.8 

February  20  

.0 

.0 

.0 

45.0 

15.7 

February  20,  p.  m  

40.7 

57.3 

.0 

.0 

32.9 

February  21  

.0 

.0 

16.8 

.0 

.0 

February  23  

.0 

.0 

.0 

43.5 

17.8 

February  26  

44.7 

1.8 

47.0 

35.9 

45.  5 

February  27,  a.  m  

.0 

.0 

.0 

20.2 

.0 

February  27,  p.  m  

.0 

48.5 

.0 

.0 

16.8 

February  28  

.0 

.0 

72.8 

.0 

11.7 

March  4  

51.3 

.0 

.0 

.0 

.0 

March  12  

.0 

.0 

.0 

12.5 

.0 

March  18  

42.0 

38.0 

.0 

.0 

31.5 

March  22  

.0 

.0 

.0 

3.0 

7.3 

April  16  

48.0  . 

40.8 

.0 

7.0 

.0 

April  17  

.0 

.0 

.0 

7.9 

.0 

April  19  

.0 

.0 

52.5 

35.2 

.0 

May  10  

42.  7 

.0 

.0 

.0 

25.3 

May  15  

.0 

38.8 

.0 

6.5 

.  0 

46.  9 

.  0 

.0 

18.2 

41.0 

June  12  

57.  5 

40.  0 

55.  3 

25.  9 

28. 1 

June  13  

.0 

.0 

.0 

15.8 

.0 

July  13  

2.0 

37.9 

2.5 

31.6 

43.0 

July  29  

44.6 

.0 

1.5 

6.9 

.0 

August  8  

.0 

35.3 

.0 

15.0 

.0 

October  3  

.0 

48.3 

.0 

.0 

.0 

October  24  

69.7 

.0 

.0 

.0 

.0 

December  16  

.0 

48.3 

.0 

.0 

.0 

1895. 

January  16  

17.7 

.0 

4.5 

67.0 

.0 

January  21  

.0 

52.8 

.0 

.0 

.0 

February  20  

.0 

.0 

65.8 

.0 

.0 

March  14  

39.0 

27.7 

1.2 

20.7 

.0 

April  15  

20.5 

8.3 

63.9 

.5 

.0 
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Table  showing  downward  percolation  in  columns  of  sand  S  feet  long,  etc. — Continued. 


Date. 


Sand  No. 
20. 


1895 — Continued.  I  Grams. 

May  6   27.2 

May  31   22.5 

August  —   36.  7 

1896.  I 

April  12  0 

August  —   19.  6 


Sand  No. 
40. 


Grains. 
10.2 
10.8 
.0 

49.0 
17.2 


Sand  No. 
60. 


Grams. 
0.3 
69.3 
.0 

.0 
.0 


Sand  No. 
80. 


Sand  No. 
100. 


Grams. 
21.7 
11.0 
46.4 

74.0 
.0 


Grams. 
0.0 
.0 


The  water  wbicli  was  finally  left  in  these  sands  at  the  end  of  more 
than  two  years  and  a  half  is  ^iven  in  the  next  table,  where  not  only  the 
total  qnantity  left  in  the  sand,  but  also  the  distribution  throughout 
the  column  is  given.  These  results  were  obtained  by  cutting  the  tubes 
down  in  3-incli  sections  and  removing  and  drying  the  sand  at  110^  to 
120°  C.  until  constant  weight  was  reached. 

Percentage  distribution  of  water  left  in  columns  of  sand  S  feet  long  after  percolation  had 

con  tinued  two  and  one-half  years. 


Height  of  section  above 
ground  water. 

Sand  No. 
20. 

Sand  No. 
40. 

Sand  No. 
60. 

Sand  No. 
80. 

Sand  No. 
100. 

Inches. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

96-93  

0.  27 

0. 17 

0.  22 

1.26 

3.44 

93-90  

.22 

.  17 

.23 

1.16 

3.44 

90-87  

.23 

.16 

.29 

1.34 

3.82 

87-84  

.22 

.15 

.32 

1.61 

3.  83 

84-81  

.23 

.18 

.61 

1.98 

3.93 

81-78  

.29 

.19 

1.07 

2.32 

4. 19 

78-75  

.44 

.26 

1.33 

2.61 

4.38 

75-72  

.89 

.58 

1.57 

2.  90 

4.92 

72-69  

1.18 

1.16 

1.80 

3. 12 

4.94 

69-66  

1.48 

1.45 

1.85 

3.  36 

5.  70 

66-63  

1.71 

1.67 

2.  03 

3.56 

5.91 

63-60  

1.80 

1.80 

2. 18 

3.92 

6.  43 

60-57  

1.83 

1.86 

2.26 

4.22 

6.  77 

57-54  

1.93 

1.87 

2.27 

4..-i3 

7.  72 

54-51  

1.98 

1.98 

2.30 

4.88 

8.59 

51-48  

2.  02 

1.92 

2. 38 

5.42 

9.  42 

48-45  

2.03 

2. 12 

2. 46 

6.  03 

10.  50 

4.5-42  

2.02 

2.07 

2. 71 

6. 99 

11.34 

42-39  

2. 06 

2.  18 

3.  08 

7.  17 

12.58 

39-36  

2.  17 

2.  29 

3.  46 

X.li 

13.  (»(» 

36-33  

2.  .",1 

2.  18 

4. 10 

10.  .'.1 

11.  95 
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Percentage  distribution  of  umter  left  in  columns  of  sand  8  feet  long  after  percolation  had 
continued  two  and  one-half  years — Continued. 


Height  of  section  above 

Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

ground  water. 

20. 

40. 

60. 

80. 

100, 

Inches. 

Per  cent. 

Per  cent. 

Percent. 

Per  cent. 

Per  cen  t. 

33-30  

2.  36 

2.  65 

5.09 

11.77 

15.90 

30-27  

2.63 

3. 14 

6.36 

12.95 

17.  20 

27-24 

2.  86 

3.63 

8.  74 

15.05 

17.96 

24-21  

3.42 

4.71 

13.52 

17.  24 

18.92 

21-18  

4.26 

6.76 

23.57 

19.08 

20.  49 

18-15  

6.41 

9.  38 

27. 93 

19.37 

21.34 

15-12  

9.77 

14.66 

23.  61 

21.44 

21.  63 

12-9  

16.  08 

21.31 

22.46 

22.69 

22.68 

9-6  

19.  33 

22.  39 

22.  76 

23.20 

23.39 

6-3  

20.  96 

23.  52 

22.  88 

24. 22 

30.  28 

3-0  

21.58 

24.61 

23. 54 

25.07 

24.08 

Summary  of  results  of  experiment  tabulated  above. 

Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

Sand  No. 

20. 

40. 

60. 

80. 

100. 

Total  water  retained : 

Grams  

2, 121.4 

2,  474.  9 

3,  515.  0 

4,576.2 

5, 831. 5 

Per  cent  

4.  24 

5.05 

7.25 

9.41 

11.82 

Percolation  in  first  9 

days : 

Grams  

7,  499.  2 

7,  042.  7 

6,  234. 4 

4,  873.  5 

4, 154.  0 

Per  cent  

14.98 

14.35 

12.  86 

10.  02 

8.  42 

Percolation  after  first  9 

days : 

Grams  

804.6 

838.6 

579.7 

839.9 

621.3 

Per  cent  

1.61 

1.71 

1.20 

1.73 

1.26 

Total  water  recovered: 

Grams  

10, 425. 2 

10,  356.  2 

10,  329. 1 

10,  289.  6 

10,  606.  8 

Per  cent  

20.  83 

21.11 

21.30 

21.15 

21.50 

Total  weight  of  dry  sand 

50,  050.  0 

49,  060 

48,  490 

48,  650 

49,  340 

The  (lata  presented  in  these  tables  are  of  fundamental  importance  in 
showing  how  the  ground- water  surface  in  humid  climates  is  fed  through 
precipitation  by  slow  percolation  or  seepage. 

Rate  of  loss  of  tvater  from  sands. — It  will  be  observed  in  the  first 
place  that  when  the  i)ore  space  of  the  sand  was  entirely  filled  with  water 
the  water  escaped  very  rapidly.  Indeed,  it  is  quite  likely  that  the  first 
flow,  especially  from  the  coarser  sands,  represents  a  rate  of  movement 
too  small  on  account  of  the  fact  that  the  discharge  tube  had  an  inside 
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diameter  of  only  one-eighth  of  an  inch,  and  so  offered  a  material  resist- 
ance to  the  escape  of  the  water  from  the  colnmns  of  sand.  As  it  was, 
however,  the  water  contained  in  8  feet  of  fully  saturated  sands  escaped 
from  them  at  the  following  mean  rates  during  the  first  and  second 
thirty  minutes  and  under  its  own  head. 


Table  giving  the  rate  of  percolation  from  sands  under  the  gravitational  head  of  the  inclosed 

water. 


Size  of  sand. 

Effective 
diameter 
of  grain. 

Per  cent 
of  pore 
space. 

Weight 
of  sand 
per  8  cu- 
bic feet. 

Amount  of  wate 
First  30  minutes. 

r  percolated  in — 
Second  30  minutes. 

Mm. 

Pounds. 

Pounds. 

Inches. 

Pounds. 

Inches. 

No.  20  

0.  4745 

38. 86 

809.  28 

53.  33 

10.25 

24.  36 

4.683 

No.  40  

.  1848 

40. 07 

793. 28 

39.  27 

7.549 

27.  35 

5.258 

No.  60  

.  1551 

40.  76 

784. 00 

29.99 

5.674 

23. 52 

4.522 

No.  80  

.1183 

40.57 

786.  64 

7.  86 

1.512 

6.73 

1.294 

No.  100   .... 

. 08265 

39.  73 

797.  76 

6.31 

1.213 

4.40 

.845 

It  will  be  seen  from  the  above  table  that  the  rate  at  which  the  water 
moved  downward  through  the  coarsest  or  Ko.  20  sand  was  such  as  to 
average  during  the  first  thirty  minutes  497.9  inches  per  twenty-four 
hours,  while  for  the  finest  or  No.  100  sand  the  mean  rate  was  58.16 
inches.  Such  facts  as  these  make  it  plain  that  a  ground-water  surface 
lying  beneath  a  catchment  area  made  up  of  as  coarse  materials  as  are 
presented  by  this  series  must  be  fed  by  almost  the  entire  precipitation 
when  that  is  in  the  form  of  rain,  even  were  it  to  reach  the  maximum 
amounts  which  have  been  recorded  in  Japan  and  India  for  twenty-four 
consecutive  hours. 

The  gain  to  the  underground  supply  of  water,  through  precipitation, 
is  intensified  by  the  extremely  small  amounts  of  water  which  are 
retained  upon  the  surfaces  of  tlie  sand  grains,  as  illustrated  by  the 
data  of  this  set  of  tables.  It  will  be  seen  that  in  the  end  all  of  the 
sands  became  extremely  dry  tliroughout  the  upper  4  feet,  so  dry  that 
the  lower  3  inches  of  the  surface  4  feet  in  the  finest  sand  retained  but 
9.42  per  cent,  when  its  full  capacity  is  21.50  per  cent  of  the  dry  weight; 
while  in  the  surface  3  Inches  only  the  two  finest  sands  retained  as  much 
as  1  per  cent  of  water.  Indeed,  it  must  be  understood  that  this 
extremely  dry  condition  of  the  surface  sands  was  reached  very  early  in 
the  period  covered  by  the  experiment.  This  statement  is  proved  by 
the  fact  that  after  the  first  niiK^.  days  the  entire  loss  in  any  case  did  not 
equal  1.75  per  cent  of  the  dry  weight  of  the  sand,  and  under  such  con- 
ditions the  loss  of  water  by  surface  evaporation  is  necessarily  very  small. 

In  illustration  of  the  possible  rate  of  evai)oration  from  such  sands 
as  those  in  question,  the  results  of  a  series  of  measurements  are  cited. 
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A  series  of  cylinders,  represented  in  fig.  11,  each  having  an  area  of 
cross  section  of  0.1  square  foot,  was  filled  with  the  same  sands  used  in 
the  preceding  experiments,  but  unassorted ;  that  is,  the  several  sizes 
of  grains  were  mixed  in  the  natural  proxjortions. 


B 


U 


u 


IFlG.  11. — Apparatus  iTsed  in  measuring  the  loss  of  water  from  coarse  sands  by  evaporation  from  sur- 
face different  distances  above  plane  of  saturation.  A,  intake  for  air  current;  B,  exit  for  air  current; 
C,  water  reservoir ;  D,  supply  tube;  E,  vent. 

In  the  two  shortest  cylinders  water  was  maintained  in  the  reservoir 
at  a  level  of  6  inches  below  the  surface,  while  the  other  pairs  of  cylin- 
ders had  the  water  level  maintained  at  12, 18,  24,  and  30  inches,  respec- 
tively, below  the  surface.  The  total  evaporation  during  forty  days  was 
found  to  be  as  follows : 

Evaporation  from  sand. 


Capillary  lift. 

Total  evaporation. 

Mean  eA'^aporation 
per  day. 

Inches. 

Inches. 

Inches. 

6 

4.  56 

.114 

12 

4.45 

.111 

18 

3.19 

.08 

24 

1.36 

.034 

30 

.78 

.0195 

These  rates  of  evaporation  took  place  in  the  laboratory,  where  the 
temperature  of  the  air  was  about  70°  F.,  and  where  the  relative  humid- 
ity was  very  low. 

It  is  evident,  therefore,  from  these  two  series  of  observations,  that 
in  regions  where  the  surface  soils  are  very  coarse  and  where  the  ground- 
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water  surface  has  a  depth  exceeding  8  feet,  nearly  the  whole  precipita- 
tion passes  at  once  below  the  level  at  which  it  is  possible  for  capillarity 
to  return  it  to  the  surface. 

Even  over  regions  where  much  finer  soils  prevail  at  the  surface  the 
total  possible  percolation  may  be  quite  large  and  the  amount  of  water 
contributed  to  the  ground-water  supply  may  be  important,  provided  the 
indurated  rock  below  is  capable  of  receiving  it. 

Using  cylinders  having  a  cross  section  of  0.1  square  foot,  it  was 
found  that  when  water  would  percolate  through  14  inches  of  No.  40 
sand  at  the  rate  of  301  inches  in  twenty-four  hours,  and  through  No. 
100  sand  at  the  rate  of  39.7  inches,  a  clay  loam  would  allow  but  1.6 
inches  to  pass  in  twenty-four  hours.  These  flows  occurred  after  the 
soils  were  fully  saturated  and  when  the  surface  was  kept  covered  with 
2  inches  of  water. 

It  should  be  understood  with  reference  to  percolation  through  clayey 
and  other  fine  and  close  textured  soils  that  the  rate  of  flow  through 
the  surface  4  feet  is  greatly  augmented  ordinarily  by  the  borings  of 
earthworms  and  animals  of  various  kinds,  as  well  as  by  passageways 
left  by  the  decay  of  the  roots  of  plants  and  by  shrinkage  checks  which 
are  developed  during  times  of  drought. 

A  steady  percolation  of  so  slow  a  rate  as  0.1  inch  per  day  of  twenty- 
four  hours  would  provide  for  the  entrance  into  the  ground  of  36.5  inches 
on  the  level  during  the  year  if  water  were  continuously  supplied ;  but 
the  rains  do  not  fall  in  such  manner  as  to  permit  all  the  water  to 
enter  the  ground,  even  where  the  topography  is  quite  flat,  and  besides, 
through  the  conjoint  action  of  cai3illarity  and  the  roots  of  vegetation, 
a  large  part  of  the  moisture  which  falls  during  the  growing  season 
upon  fertile  soils  fails  to  penetrate  beneath  the  surface  more  than  1 
to  4  feet  before  it  is  recovered  and  brought  back  to  the  surface  and  lost 
by  evaporation. 

Then  again,  during  seasons  of  drought  in  humid  climates  and  at 
nearly  all  times  in  arid  climates  another  important  factor  comes  in  to 
prevent  even  moderate  showers  from  entering  the  soil  deeply.  When 
the  soil  becomes  nearly  air  dry  to  any  considerable  depth  the  pore 
space  becomes  entirely  filled  with  air,  and  this  must  always  be  expelled 
before  percolating  waters  can  make  an  entrance.  In  coarse  sands  and 
sandy  soils  the  pore  spaces  are  so  large  that  the  water  has  little  dilli- 
culty  in  displacing  the  air  aiul  making  an  entrance  as  fast  as  tlie  rain 
is  likely  to  fall;  but  where  the  surface  is  covered  by  this  finer  soil  even 
a  moderate  shower  is  likely  to  fill  up  the  surface  pores  so  completely  as 
to  prevent  almost  entirely  the  escape  of  the  soil  air,  and  this  at  the 
same  time  prevents  the  entrance  of  the  water.  Under  these  conditions 
heavy  rains  may  cause  an  immense  amount  of  surface  erosion,  and  the 
little  moisture  whi(!h  finds  entrance  to  the  soil  ])enetrates  so  short  a 
distances  under  the  great  hindrance  from  cntanghMl  air  that  it  is  (juickly 
returned  to  the  surlace  by  cai)illarity  and  lost  by  surface  evaporation. 
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PERCENTAGE  OF  PRECIPITATION  WHICH  PENETRATES  THE  SOIL. 

Of  the  water  which  falls  upon  land  areas  one  portion  finds  its  way 
by  immediate  surface  flow  directly  into  drainage  channels;  another 
portion  is  retained  upon  the  surface  of  the  soil  and  the  foliage  of  plants 
and  is  returned  at  once  by  evaporation  to  the  atmosphere  from  which 
it  came;  while  a  third  portion  penetrates  the  interstices  of  soil  and 
rock  to  varying  depths,  but  ultimately  reappears  again  in  drainage 
channels. 

Newell  has  pointed  out,  as  a  result  of  his  studies,  that  the  mean 
annual  run-off  in  the  United  States  exceeds  20  inches  in  the  States  of 
Maine,  New  Hampshire,  Vermont,  Massachusetts,  Connecticut,  Ehode 
Island,  New  York,  New  Jersey,  Pennsylvania,  Maryland,  Delaware,  the 
Virginias,  North  and  South  Carolina,  Florida,  Georgia,  Alabama,  Loui- 
siana, Mississippi,  Tennessee,  and  Kentucky,  together  with  the  southern 
portions  of  Ohio,  Indiana,  and  Illinois,  most  of  Arkansas,  and  a  small 
portion  of  eastern  Texas  and  Indian  Territory.  Throughout  this  region 
the  rainfall  for  the  year  amounts  to  from  40  to  60  inches,  reaching  00 
to  70  inches  in  a  few  comparatively  small  areas.  This  makes  the  run- 
off about  50  per  cent  of  the  total  i3recipitation,  or  perhaps  a  little  more. 
In  all  of  Wisconsin  and  Michigan  and  in  parts  of  Ohio,  Indiana,  Mis- 
souri, Indian  Territory,  Texas,  Iowa,  and  Minnesota  the  water  which 
finds  its  way  into  streams  is  placed  by  Newell  at  10  to  20  inches,  while 
the  mean  annual  rainfall  is  between  28  and  42  inches,  making  the  run-oft* 
from  36  to  47  per  cent  of  the  rainfall;  but  in  a  narrow  strip  extending 
nearly  north  and  south  across  the  central  portion  of  the  United  States, 
taking  in  parts  of  Minnesota,  Iowa,  and  the  Dakotas  on  the  north  and 
crossing  central  Texas  on  the  south,  the  run-off  is  5  to  10  inches,  while 
the  rainfall  for  the  same  region  is  not  far  from  20  to  30  inches,  making 
the  percentage  relations  25  to  33.  That  is  to  say,  from  one-fourth  to 
one-third  of  the  water  which  falls  as  rain  and  snow  is  ultimately  gath- 
ered into  streams  and  borne  away. 

West  of  the  region  just  referred  to,  as  far  as  the  extreme  Northwest, 
in  western  Washington,  Oregon,  and  the  mountainous  parts  of  Cali- 
fornia, the  water  which  annually  finds  its  way  into  streams  measures 
from  5  inches  to  none;  but  in  an  area  bordering  that,  where  the  run-off 
is  5  to  10  inches  and  widening  out  in  the  north  so  as  to  cover  the  bal- 
ance of  the  Dakotas  and  the  eastern  portions  of  Montana  and  Wyo- 
ming, Newell's  maps  show  that  2  to  5  inches  of  water  (from  20  to  25  per 
cent  of  the  mean  annual  rainfall)  finds  its  way  into  streams. 

It  appears,  therefore,  that  in  the  more  level  districts  of  the  United 
States,  where  the  rainfall  ranges  from  10  inches  to  more  than  70  inches, 
from  one-fifth  to  one-half  of  the  water  which  falls  as  rain  and  snow 
finds  its  way  into  streams,  but  by  far  the  larger  portion  of  this  water 
has  penetrated  the  soil  to  the  ground- water  level  and  has  emerged 
again  from  beneath  the  earth's  surface  before  it  reaches  river  channels. 
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The  water  of  rivers  which  does  not  take  the  course  through  soil  and 
rock  is  (1)  that  which  falls  directly  into  water  courses  in  the  form  of 
rain  or  snow,  and  this  would  bear  such  a  ratio  to  the  total  rainfall  of 
the  drainage  basin  as  the  superficial  area  of  the  streams  and  lakes 
bears  to  the  total  area  of  the  district  drained  by  themj  (2)  that  which 
falls  in  heavy  showers  near  the  water  courses  where  the  slopes  are 
steep  and  for  lack  of  time  does  not  enter  the  ground  j  and  (3)  the 
heavy  snows  which  melt  rapidly  upon  steep  sloi)es  near  drainage  chan- 
nels. Just  how  large  a  percentage  of  the  total  run-off  these  three  fac- 
tors make  we  do  not  know,  but  it  is  certainly  much  smaller  than  a  first 
judgment  without  reflection  would  be  likely  to  place  it,  and  it  may  be 
laid  down  as  a  broad  j)roposition  that  nearly  all  of  the  water  of  rivers 
and  small  lakes  is  that  which  is  slowly  but  constantly  seeping  through 
and  from  the  soil. 

HOW  SEEPAGE  WATERS  FIND  THEIR  WAY  INTO  DRAINAGE 

CHANNELS. 

Whenever  rain  falls  upon  a  field,  no  matter  of  how  steep  a  slope,  its 
first  tendency  is  to  continue  the  course  it  was  i)ursuing  when  it  fell  and 
to  pass  directly  beneath  the  surface  in  a  straight  line,  and  it  is  only 
when  the  rate  of  precipitation  exceeds  that  at  which  percolation  takes 
place  that  there  is  any  surface  movement  toward  drainage  channels. 

The  water  which  enters  the  ground  in  excess  of  capillary  saturation 
moves  directly  downward  until  the  ground-water  surface  has  been 
reached,  when  it  raises  that  level  and  at  once  augments  the  pres- 
sure. If  the  land  were  everywhere  level  the  effect  of  percolation 
would  be  simply  to  raise  the  level  of  the  ground-water  surface;  no 
lateral  movement  would  be  possible  except  under  such  conditions  as 
permitted  the  ground-water  level  to  be  lowered  more  rapidly  in  one 
place  than  in  another  by  surface  evaporation  aided  by  cai)illarity. 
With  the  differences  of  level,  however,  which  are  always  associated 
with  topographic  forms  and  with  the  far  greater  resistance  which  is 
opposed  to  lateral  flow,  as  compared  with  that  which  imi)edes  percola- 
tion directly  downward,  it  is  evident  that  the  water  which  sinks 
beneath  the  surface  of  land  areas  must  tend  to  accumulate  beneath  the 
places  where  it  has  lallen  until  a  sufficient  pressure  has  been  developed 
to  force  it  to  flow  through  the  soil  and  rock  toward  whatever  drainage 
outlets  may  exist. 

There  is  a  widespread  general  belief  that  the  level  of  standing  water 
in  the  ground  is  indicated  by  the  level  of  the  water  in  the  rivers  and 
lakes  of  the  district  in  (luestioii,  and  that  wells  must  be  sunk  to  those 
levels  before  water  Avill  be  reached  by  tliem.  It  is  even  commonly 
thought  that  the  water  which  supplies  the  local  wells  of  a  region 
actually  seeps  into  the  soil  and  rock  from  the  beds  of  rivers  and  lakes. 

So  I'ar  is  this  common  imj)ression  from  being  true  that  its  exact 
opposite  is  the  real  expression  of  the  facts.    The  surfaces  of  i  i\  ulets, 
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brooks^  creeks,  streams,  rivers,  and  lakes,  with  but  very  few  excep- 
tions, lie  below  the  level  of  staudiDg  water  iii  the  ground  adjacent 
to  them,  and  from  which  almost  everywhere  water  is  steadily  but 
usually  slowly  flowing  into  them.  Elvers  generally  receive  new  acqui- 
sitions of  water  at  every  point  along  their  banks,  there  being  a  slow  but 
general  seepage  from  the  surrounding  higher  lands.  The  same  is  true 
of  lakes.    Springs,  it  is  true,  are  feeders  of  both  lakes  and  streams, 

but  these  are  only 
underground  exten- 
sions of  channels  in 
which  the  same 
type  of  slow  seep- 
age occurs,  the  wa- 
ter oozing  through 
the  walls  of  the 
subterranean  chan- 
nels as  water  is 
gathered  into  a  sys- 
tem of  tile  drains, 
not  at  any  one 
point,  but  little  by 
little  all  along  the 
course. 

There  are  cases, 
it  is  true,  where 
mountain  streams 
flow  out  upon  arid 
l^lains,  in  which  the 
direction  of  seepage 
is  reversed  and  the 
water  wastes  out- 
ward, ultimately 
leaving  the  bed  of 
the  stream  dry  5  but 
in  these  cases  such 
portions  of  these 
waters  as  are  not 
lost  by  evaporation 
are  certain  to  re- 
appear again  far- 
ther down  the  valley,  adding  to  the  growth  of  rivers  there. 

In  other  cases  rivers  may  move  down  upon  a  sandy  plain,  perhaps 
underlain  by  a  sandstone  formation  which  is  deeply  underdrained,  so 
that  the  ground- water  level  lies  below  the  bed  of  the  stream ;  and  in 
such  instances  the  stream  loses  in  volume  rather  than  increases  as  it 
moves  along  its  course.    In  still  other  cases  a  shallow  soil  may  be 


!FlG.  12. — Contour  map  of  surface  of  cjrouud  water.  ISTumbered  circles, 
location  of  wells;  figures  in  lines,  elevations  of  contours;  arrows  fly 
with  direction  of  current. 
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spread  out  upon  a  much- fissured  limestone  formation  which,  by  reason 
of  slope  or  cliff  exposures,  is  so  thoroughly  drained  that  no  ground- 
water surface  can  be  maintained  above  the  stream  beds;  and  here,  too, 
the  water  may  slowly  waste  away,  or  in  some  cases  the  brook  may  dis- 
appear abrui)tly  beneath  the  surface,  only  to  reappear  again  farther 
down  the  valley  in  the  form  of  a  powerful  spring. 

CONFIGURATION  OF  THE  GROUND-WATER  SURFACE. 


In  order  to  gain  a  clear  conception  of  the  conditions  whicli  determine 
the  liow  of  ground  water  it  will  be  helpful  to  know  the  actual  configura- 
tion of  the  ground- 
water surface  in  a 
particular  case,  and 
one  of  the  simplest 
examples  is  repre- 
sented in  fig.  12, 
where  the  contour 
lines  show  how  far 
the  surface  of  the 
ground  water  de- 
parts from  a  hori- 
zontal plane  and  also 
how  high  it  lies  above 
the  level  of  the  lake 
into  which  the  water 
is  draining.  Fig.  13 
is  a  contour  map, 
showing  the  topo- 
grai^hic  features  of 
the  same  locality. 

The  variations  in 
level  of  the  ground- 
water surface  in  this 
case  were  secured 
tl  1  rou  gh  m  e  a  s  u  r  e- 
ments  of  the  height 
of  tlie  water  in  52 
wells,  designated  on 
the  maps  by  num- 
bers, against  which 

small     circles     arc     Fig.  is. — contour  nuip  of  surliico  of  ^inmiMi  iihovo  tli(>  frrouiid  water 

placed.  oi  fi«.  r> 

The  area  mapped  is  a  portion  of  the  Wis(;oiisin  Agricultural  ICxperi- 
ment  Station  farm,  and  lies  Just  within  tlic  terminal  moraine  of  the 
second  (ihu^ial  epocli.    Tlie  glacial  till,  into  wliicli  tlir  water  jteico- 
lli  GEOL,  PT  2  7 
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lates  and  through  which  it  flows  to  the  lake,  is  laid  down  upon  the 
very  unevenly  eroded  surface  of  the  Madison  sandstone.  The  till  is 
quite  heterogeneous  in  character  in  its  upper  portion,  but  is  much  more 
uniform  at  the  level  of  the  ground  water  and  below,  through  which  the 
drainage  to  the  lake  takes  place. 

The  whole  area  is  mantled  with  a  stratum  of  reddish  clay  2.5  to  4 
feet  thick,  containing  pebbles  and  bowlders  irregularly  and  generally 
sparsely  distributed  through  it,  the  pebbles  and  bowlders  being  coarser 
and  more  numerous  on  the  higher  ground.  Beneath  this  mautle  there 
is  usually  a  rajjid  transition  to  a  sand  of  varyiug  degrees  of  coarseness, 
but  generally  quite  free  from  gravel  and  clay,  everywhere  below  the 
9-foot  contour. 

The  effective  sizes  of  the  grains  in  these  sands  are  given  in  the  table 
below,  as  shown  by  a  section  taken  at  55 : 

Effective  sizes  and  pore  spaces  of  sands  underlying  the  locality  shown  on  Jig,  13. 


Depth  in  feet. 

Pore  space. 

Effective 
size. 

Per  cent. 

Millimeter. 

1.  

2  

38.  57 

0. 06745 

3  

39.  38 

. 07579 

4  

39.45 

.1875 

5  

37.  94 

.1746 

6  

38.  50 

.1673 

Depth  in  feet. 


7 

8 
9 

10 
11 
12 
13 


Pore  space. 

Effective 
size 

Per  cent. 

Millimeter . 

35. 32 

0. 1312 

34. 57 

.1818 

34.37 

.1738 

33.  08 

.2191 

30.  25 

.1470 

28.  76 

.1055 

29.32 

.0566 

At  a  point  near  52  the  finer  sand  and  gravel  in  the  heterogeneous 
superficial  till  has  an  effective  size  of  grain  and  pore  space  expressed 
by  the  figures  below : 

Fine  material  of  mixed  till. 


Pore  space. 

Effective  size. 

Per  cent. 

Millimeter. 

33.  65 

0. 0338 

33.  76 

. 04144 

33.88 

. 04084 

34.37 

. 05261 

These  figures  show  the  diameter  of  the  mean  sand  grain  and  the-pev 
cent  of  open  space  in  these  sands  through  which  the  water  must  move. 

By  referring  to  fig.  12  it  will  be  seen  that  the  surface  of  the  ground 
water  is  very  far  from  level,  and  that  near  well  54  the  water  stands  20 
feet  above  the  level  of  the  lake  and  has  a  gradient  of  12  feet  in  200, 
or  1  foot  in  16|  feet.    Even  at  well  29,  only  150  feet  from  the  lake, 
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the  water  stands  7.2  feet  above  the  suface  of  Lake  Mendota,  making 
a  fall  here  of  1  foot  in  about  20  feet  to  force  a  iio\v^  of  water  toward 
the  lake. 

In  another  well  sunk  in  the  same  hill,  shown  on  the  map,  but  about 
3,G00  feet  to  the  east,  where  the  surface  of  the  ground  is  88  feet  above 
the  lake,  the  level  of  the  water  stood  52  feet  above  the  lake  1,200  feet 
distant,  and  this  gives  a  fall  of  about  1  foot  in  23  feet. 

The  area  here  under  consideration  lies  between  two  lakes,  making  it 
impossible  for  seepage  waters  from  long  distances  to  reach  it,  and  there 
is  Jio  opportunity  for  artesian  waters  to  furnish  any  part  of  the  supply, 
so  that  we  have  here  a  perfectly  simple  case  of  local  precipitation  sink- 
ing directly  into  the  ground  and  raising  the  level  of  the  water  in  the 
glacial  till  until  pressure  enough  has  been  developed  to  cause  the 
water  to  flow  into  the  lake  in  directions  and  along  lines  indicated  by 
the  arrows  (fig.  12). 

The  contours  of  the  ground-water  level  show  that  this  surface  pre- 
sents the  features  of  hills  and  valleys  approximately  conformable  with 
the  relief  forms  of  the  surface  above,  the  water  being  low  where  the 


Fig.  14. — Diagrammatic  section  illustrating  seepage  and  the  growth  of  streams.    Lines  with  arrows 

are  lines  of  flow. 

surface  of  the  ground  is  low,  and  high  wliere  the  surface  of  the  ground 
is  high.  It  will  be  further  noted  that  the  water  moves  outward  from 
the  higher  areas  of  ground  water  in  directions  essentially  the  same  as 
those  which  would  be  taken  by  water  flowing  down  natural  surface 
slopes,  and  this  gives  rise  to  a  concentration  of  water  movement  along 
the  valley  lines  beneath  the  surface  of  the  ground,  just  as  happens  with 
flood  waters. 

It  is  ])laiii,  therefore,  that  streams  winding  through  the  lowest  levels 
of  valleys  in  regions  of  humid  climates  must  receive  increments  to 
their  volume  of  water  step  by  step  as  they  move  along. 

It  is  further  evident  that  low-lying  flat  areas  between  higher  ground 
may  be  made  and  kept  wet  by  the  slow  rise  of  water  from  beneath  as 
it  is  forced  ui)ward  under  the  hydrostatic  pressure  developed  by  tlie 
accuniulMtion  of  water  i)ercolatiiig  down  through  the  surrounding 
higher  land,  and  in  fig.  11  is  rej)resented  in  diagrammatic  form  the 
direction  of  movement  of  tlie  gioiind  water  as  it  passes  (l(>wiiward 
through  the  porons  soil  and  outward  from  beneath  the  higher  areas  to 
seek  an  outlet  in  river  channels  or  in  the  bed  of  lakes. 
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ELEVATION    OF   THE   GROUND-WATER    SURFACE   DUE  TO 
PRECIPITATION  AND  PERCOLATION. 

We  have  already  given  tlie  amount  of  water  which  may  be  retained 
by  columns  of  sand  of  varying  degrees  of  coarseness  after  a  period  of 
percolation  exceeding  two  years  had  expired.  The  data  presented  in 
those  tables  may  be  used  to  compute  the  amount  of  elevation  of  the 
ground-water  surface  which  a  given  amount  of  precipitation  is  capable 
of  bringing  about,  and  as  the  rate  of  drainage  depends  in  part  upon 
the  height  of  the  ground  water  above  the  drainage  outlets  this  becomes 
a  matter  of  fundamental  importance. 

In  the  table  on  page  87  is  given  the  amount  of  pore  space  in  the 
several  sands  under  exi^eriment,  and  by  referring  to  this  table  it  will 
be  seen  that  the  unoccupied  space  is  about  40  per  cent  as  an  average 
of  the  five  cases.  This  means  that  each  cubic  foot  of  sand  had  a 
capacity  for  water  amounting  in  round  numbers  to  0.4  of  a  cubic  foot, 
and  that  12  inches  of  rain  would  completely  fill  the  voids  of  30  inches 
of  these  chemically  dry  sands. 

Under  field  conditions,  however,  the  sand  is  never  chemically  dry,  so 
that  a  rise  of  the  ground-water  surface  amounting  to  2.5  inches  for 
each  inch  of  water  which  reaches  it  does  not  express  the  full  magnitude 
it  may  have.  Further  than  this,  as  the  sands  were  filled  into  the 
cylinders  without  jarring  or  tamping,  they  i)ossessed  under  tlie  trials 
made  about  as  large  a  pore  space  as  it  is  i)ossible  to  give  them,  so  that 
it  may  safely  be  said  that  an  inch  of  rain  will  never  fail  to  raise  the 
ground-water  surface  more  than  2.5  inches. 

But  after  the  long  period  of  drainage  to  which  the  sands  were  sub- 
jected under  conditions  where  little  or  no  evaporation  was  possible  they 
still  retained  the-  amounts  of  water  stated  below  in  percentages  of  their 
dry  weight. 

No.  of  sand.  Per  cent. 

20   4.  24 

40     5.  05 

60   7. 25 

80   9.41 

100  ,   11.82 

As  this  water  occupies  a  portion  of  the  pore  space  of  the  sand  it  must 
augment  the  elevation  of  the  ground- water  surface  in  proportion  to  the 
space  occupied,  and  as  these  amounts  of  retained  water  rei)resent  from 
more  than  one-fifth  of  the  full  saturation  capacity  in  the  case  of  sand 
No.  20  to  more  than  one-half  in  the  case  of  l^o.  100,  it  is  plain  that  1 
inch  of  rain  must  raise  the  ground-water  surface  from  3  to  5  inches. 

But  the  water  when  it  drains  from  a  soil  or  sand  does  not  do  so  in 
such  a  manner  as  to  leave  the  retained  water  uniformly  distributed. 
On  the  contrary,  the  sand  just  above  the  ground- water  surface  is  still 
almost  completely  filled  with  water,  so  that  but  little  needs  to  be  added 
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liere  to  raise  tlie  ground-water  surface  a  large  amount.  Indeed,  in  tlie 
case  of  the  reservoir  of  sand  described  on  page  we  found  that  a 
single  i)ound  of  water  added  to  a  wet  surface  of  14.5  square  feet  of 
sand  was  sufficient  to  raise  the  ground-water  surface  0.025  foot.  That 
is  to  say,  the  depth  of  water  added  to  this  nearly  saturated  sand  iwas 
augmented  some  thirtyfold  on  falling  into  the  narrow,  nearly  filled 
pore  spaces,  and  raised  the  ground- water  surface  at  the  rate  of  nearly 
30  inches  for  each  inch  of  rain. 

If  we  compute  the  full  saturation  capacity  of  the  five  sands  under 
consideration  from  their  observed  pore  space,  expressing  the  water  in 
per  cent  of  the  dry  weight  of  the  sand,  and  then  subtract  from  these 
the  observed  percentages  of  water  which  Avere  retained  at  the  different 
levels,  the  differences  will  give  the  percentages  of  water  which  will  be 
needed  to  fill  completely  the  respective  sands  at  each  of  the  thirty-two 
different  levels  above  the  ground- water  surface  where  the  determina- 
tions were  made. 

The  results  of  such  a  computation  are  given  in  the  following  table, 
and  fig.  15  represents  graphically  the  amounts  of  unoccupied  space  in 
the  several  sands  at  the  various  levels. 


100  50  60  40  20 


Fig.  15. — Dia^iram  showing  unoccupied  space  in  sands  after  two  and  one-half  years  of  seepaiio  ^s•ithout 
rain  or  eva])oration.  lumbers  designate  grade  of  screen;  horizontal  lines  drawn  at  distances  ot 
3  inches;  open  space  iu  each  case  applies  to  whole  section;  lower  shading  is  ground  water. 
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Table  slwwing  the  j)er  cent  of  ivater  required  to  Jill  completely  five  grades  of  sand  after 
being  permitted  to  drain  more  than  two  years. 


Height  of  section  above 

]^o.  20. 

No.  40. 

No.  60. 

No.  80. 

No.  100. 

ground  water. 

Inches. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

96-93  

23.  71 

25.06 

25.76 

24.49 

21.43 

93-90  

23.  76 

25.06 

25.  75 

24.59 

21.43 

90-87...  

23.75 

25. 07 

25.  69 

24.41 

21.05 

87-84  

23.  76 

25.08 

25.  66 

24. 14 

21.04 

84-81  

23.  75 

25.  05 

25.  37 

23.  77 

20.  94 

81-78  

23.  69 

25.  04 

24.91 

23.43 

20.  68 

78-75  

23.54 

24.97 

24.  65 

23.  14 

20.  48 

75-72  

23.  09 

24. 65 

24.41 

22.  85 

19.95 

72-69  

22. 80 

24.  07 

24.18 

22.  63 

19.93 

69-66  

22.50 

23.  78 

24. 13 

22,  39 

19. 17 

66-63  

22.27 

23.  56 

23.95 

22. 19 

18.  96 

63-60  

22. 18 

23.43 

23.  80 

21.83 

18.  44 

60-57  

22. 15 

23.37 

23.  72 

21.53 

18. 10 

57-54  

22.  05 

23.36 

23.71 

21.22 

17. 15 

54-51  

22.00 

23.25 

23.  68 

20.  87 

16.  28 

51-48  

21.  96 

23.31 

23.60 

20.  33 

15.  45 

48-45  

21.  95 

23.11 

23.52 

19.  72 

14.  37 

45-42  

21.96 

23. 16 

23.  27 

18.  76 

13.53 

42-39  

21.92 

23.05 

22.90 

18.28 

12.  29 

39-36  

21.81 

22.94 

22.  52 

17.  04 

11.87 

36-33  

21.  67 

22.  75 

21.88 

15.  21 

9.  92 

33-30  

21.62 

22.58 

20.  89 

13.  98 

8.  97 

30-27  

21.  35 

22.  09 

19.  62 

12.  80 

7.  67 

27-24  

21.12 

21.60 

17.  24 

10.  70 

6.91 

24-21  

20.  56 

20.  52 

12.  46 

8.51 

5.  95 

21-18 

19.  72 

18  47 

13.  06 

6.  67 

4.  38 

18-15  

17.  57 

15.  45 

11.59 

6.38 

3.53 

15-12  

14. 21 

10.  57 

7.  93 

4.31 

3.'24 

12-9  

7.90 

3.92 

3.  52 

3.  06 

2.19 

9-6  

4.65 

2.84 

3.  22 

2.55 

1.48 

6-3  

3.02 

1.71 

3. 10 

1.53 

.81 

3-0  

0. 00 

0.00 

0. 00 

0.  00 

0.  00 

No.  20. 

No.  40. 

No.  60. 

No.  80. 

No.  100. 

Effective   diameter  of 

sand  grain  s  mm . . 

0.  4745 

0. 1848 

0. 1551 

0. 1183 

0.  08265 

Per  cent  of  pore  space  . . 

38.86 

40.  06 

40.  76 

40. 57 

39.72 
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In  the  diagram  the  stippled  area  is  intended  to  represent  a  section 
of  sand  96  inches  high  and  having  any  unit  width,  while  the  unshaded 
areas  represent  the  amounts  of  space  in  such  a  volume  of  sand  which 
were  found  unoccupied  by  water  after  drainage  had  taken  place  through- 
out a  period  of  over  2.5  years;  that  is  to  say,  the  amount  of  space  left 
in  a  column  of  sand  8  feet  long  above  the  plane  of  saturation,  and  hav- 
ing the  sectional  dimensions  shown  in  the  figure,  is  represented  by  the 
unshaded  areas  for  each  of  the  five  grades  of  sand  shown  in  PI.  VI,  and 
when  rain  enough  has  fallen  upon  the  surface  of  the  whole  section  to 
fill  any  one  of  the  cavities  represented,  tbis  amount  will  bring  the 
ground-water  surface  to  the  top,  or  raise  its  level  through  8  feet. 

It  will  be  observed  that  the  drained  space  both  in  sand  JSTo.  20 
and  sand  No.  40  increases  rapidly  until  a  distance  of  about  27  inches 
above  the  ground-water  surface  is  reached,  but  tbat  higher  up  the 
increase  of  space  is  small.  In  the  other  three  sands,  however,  the 
space  capable  of  drainage  widens  upward  much  more  uniformly  and  at 
the  same  time  more  slowly,  so  that  the  rise  of  the  ground-water  surface 
with  the  same  amount  of  rain  is  very  different  in  the  different  grades 
of  sand. 

In  the  following  table  is  given  the  number  of  inches  of  rain  which  is 
required  to  raise  the  level  of  the  ground  water  1,  2,  3,  and  4  feet  after 
thorough  drainage  has  taken  place: 

Table  showing  amount  of  rain  necessary  to  raise  level  of  ground  water  after  thorough 

drainage. 


Grade  of  sand. 

1  foot. 

2  feet. 

3  feet. 

4  feet. 

Inches. 

Inches. 

Inches. 

Inches. 

No.  20  

0.874 

4.379 

8.550 

12. 81 

No.  40  

.433 

3.551 

7.  795 

12. 19 

No.  60  

.579 

2.701 

6.  454 

10.  80 

No.  80  

.370 

1.592 

4.080 

7.573 

No.  100  

.242 

1.030 

2.635 

5. 131 

Thus  it  becomes  evident  that  relatively  large  rises  in  the  level  of 
ground  water  may  be  produced  by  small  amounts  of  precipitation,  and 
the  case  becomes  more  emphatic  when  it  is  recalled  that  nowhere  except 
in  extremely  arid  regions  can  so  comi)lete  drainage  ever  occur  as  these 
sands  were  subjected  to. 

If  reference  is  again  made  to  the  table  of  i)crcolation,  i)age  *.M),  it  will 
be  seen  tliat  an  amount  of  water  e(pial  to  about  1.5  per  cent  of  the  dry 
weight  of  the  sand  was  left  to  percolate  after  the  first  nine  days  of 
drainage,  and  as  the  water  in  the  upper  portions  of  the  sand  columns 
was  all  the  time  flowing  down  into  spaces  in  the  lower  sections,  it  is 
plain  that  at  the  expiration  of  the  first  nine  days  the  open  space  in  the 
lower  4  feet,  and  parti(!ularly  in  the  lower  2  feet,  was  much  smaller  than 
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that  wMch  finally  came  to  exist,  and  hence  that  ordinarily  the  rise  in 
the  ground-water  surface  for  given  amounts  of  rain  will  be  greater  than 
the  amounts  stated  in  the  last  table. 

As  the  rate  of  seepage  into  drainage  channels  increases  with  the 
height  of  the  ground- water  surface,  the  facts  here  presented  show  that 
not  only  must  the  rate  of  seepage  increase  after  heavy  rains,  but  also 
that  the  rate  of  increase  will  be  relatively  more  rapid  in  soils  of  close 
texture  than  in  those  more  open.  That  is  to  say,  the  swollen  condition 
of  streams  during  wet  seasons  of  the  year  is  in  large  part  due  to  the 
fact  that  the  effective  head  which  forces  the  water  into  drainage  chan- 
nels is  at  such  times  greatly  increased,  and  the  water  drains  out  of 
the  soils  of  closer  texture  relatively  faster  than  out  of  the  coarser 
soils,  because  the  same  amount  of  precipitation  raises  the  ground  water 
higher  in  the  finer  soils,  and  thus  makes  their  effective  drainage  head 
relatively  greater. 

There  is  still  another  factor  influencing  the  rate  of  seepage  after 
rains  which  needs  to  be  taken  into  account  when  these  problems  are 
studied — the  depth  of  the  stratum  of  soil  above  the  ground  water  sur- 
face; for  when  a  considerable  interval  has  occurred  between  rains,  the 
longest  columns  of  soil,  other  things  being  equal,  will  be  most  com- 
pletely drained,  and  hence  will  possess  both  the  largest  water  capacity 
above  the  plane  of  saturation  and  the  longest  distance  for  the  perco- 
lating waters  to  move  before  reaching  the  ground  water  to  raise  its  level. 
That  is  to  say,  a  low-lying  area,  where  the  ground  water  is  near  the  sur- 
face, may  easily  have  its  empty  pore  space  nearly  filled  and  the  effective 
drainage  head  much  increased  by  a  given  rain  several  days  before  the 
same  rain  shall  hav^e  been  able  to  reach  the  ground  water  under  adja- 
cent higher  land,  where  the  empty  space  is  not  only  larger  because  of 
more  complete  drainage  but  of  greater  extent  vertically,  and  hence  the 
ground- water  surface  may  reach  its  highest  level  on  the  low  ground 
and  begin  to  fall  again  before  the  water  i^ercolating  through  the  longer 
columns  of  soil  on  the  higher  land  shall  have  had  time  to  reach  the 
plane  of  saturation. 

The  effects  here  under  consideration  are  brought  out  clearly  in  fig. 
16,  which  represents  the  changes  in  the  level  of  the  ground  water  fol- 
lowing a  rainfall  of  3.19  inches,  these  changes  being  determined  by 
measurements  made  in  wells  at  the  stations  and  times  there  designated. 
The  distribution  of  the  rainfall  in  time  was  as  follows:  June  2,  from 
7.30  a.  m.  to  9  p.  m.,  1.38  inches;  June  3,  7  a.  m.  to  2  p.  m.,  0.41  inch; 
9  p.  m.,  June  3,  to  7  a.  m.,  June  1, 1.18  inches;  9.15  p.  m.,  June  4,  to  6.30 
a.  m.,  June  5,  0.22  inch,  thus  covering  an  interval  of  three  days. 

The  measurements  of  the  water  level  were  made  June  2,  before  the 
rain;  then  June  3  at  3.30  p.  m.;  June  4  at  9  a.  m.,  2  p.  m.,  and  7  p.  m., 
and  finally,  June  6  at  1  p.  m.,  and  the  profiles  of  the  water  level  are 
shown  in  the  figure  and  numbered  in  the  order  they  were  made  from 
lto6. 
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The  surface  of  the  ground  at  well  40  is  3.3  feet  higher  than  it  is  at 
well  47,  as  shown  by  the  contour  map  (fig.  13),  and  the  texture  of  the 
soil  increases  in  fineness  from  well  40  toward  well  47.  It  will  be  seen 
that  the  water  rose  rapidly  at  first  at  the  lower  end,  attaining  its 

greatest  height  June 
4  at  9  a.  m.  in  wells 
43  to  47,  but  that  in 
wells  40  and  41  the 
water  continued  to 
rise  until  June  0  at 
1  p.  m.,  but  at  this 
time  the  water  in 
well  47  had  reached 
its  highest  point  and 
had  fallen  through  a 

distance  equal  to  that  through  which  the  water  in  well  40  had  risen. 

At  the  time  these  observations  were  first  discussed  ^  it  did  not  appear 
to  the  writer  probable  that  the  observed  changes  in  level  of  the  water 
in  the  wells  could  give  a  true  measure  of  the  change  in  the  level  of  the 
general  surface  of  the  ground 

¥~ 


Fig.  16. — Diagram  representing  changes  in  the  level  of  ground  water 
following  a  rain  of  3.19  inches. 
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water  in  the  locality,  the  indi- 
cations then  seeming  to  point 
to  large  local  percolation  of 
water  into  those  wells  which 
showed  such  large  and  prompt 
changes  in  the  level  of  the 
water  in  them,  and  the  cause 
of  this  difference  in  percolation 
into  the  wells  was  explained 
(see  fig.  17)  in  the  following 
language: 

The  rise  of  water  in  wells  above 
tlie  general  drainage  surface  during 
times  of  heavy  rains  is  due  to  the 
inability  of  the  soil  air  to  escape 
readilj'^  upward  through  the  super- 
saturated surface,  for  so  long  as  it 
can  not  escape  it  prevents  the  water 
from  entering  the  soil  spaces  occu- 
pied by  it;  wells,  however,  which 
are  not  curbed  with  iiup(!rviou8 
tubing  furnish  an  easy  avcuue  of  es- 
cap(5  for  the  air,  and  it  is  I'orced  out 
into  the  wells,  allowing  the  water  to  follow  it,  so  that  there  conies  to  be  established 
during  times  of  percolation  a  movement  of  water  and  air  in  the  soil  .ibout  the  well 
something  as  represented  by  the  arrows  in  fig.  17. 


' /frip'ec^es-  \perc(p(ht(6n 


'into'  vire//  •' 


Fia.  17. 


-Diagram  illu.strating  the  infinence  of  soil  air 
in  increasing  seepage  into  wclLs. 


'  IJull.  r.  S.  Weather  liiin-aii,  No.     j).  20. 


106 


MOVEMENTS  OF  GROUND  WATER. 


In  the  sandy  and  more  open  soils,  where  the  interspaces  near  the  surface  do  not 
readily  become  closed  with  fine  sediment  moved  by  the  water,  there  is  not  so  great 
a  lateral  flow  of  water  toward  the  wells,  and  the  water  does  not  rise  in  them  very 
much  more  than  the  general  water  level  in  the  ground  is  raised  during  such  times, 
and  it  is  because  the  soil  about  wells  40  and  41  is  much  more  sandy  and  open  than  it 
is  about  the  others  of  this  series  that  there  is  less  rise  of  water  in  them  at  such  times. 

Since  it  has  been  demoDstrated  by  this  investigation  that  the  unoccu- 
pied space  in  partly  saturated  soils  is  so  small,  and  especially  since  it 
has  been  shown  to  be  so  much  smaller  in  the  fine  soils  than  it  is  in  the 
coarse  ones,  it  is  clear  that  the  amount  of  water  which  had  percolated 
into  the  wells  under  consideration  had  been  overestimated  and  that 
their  water  levels  did  much  more  nearly  represent  the  true  level  of  the 
ground-water  surface  than  was  supposed. 

The  rapid  fall  of  the  ground -water  surface  in  the  region  of  wells 
47  and  46  is  to  be  attributed  in  i)art  to  the  fact  that  tile  drains 
occupy  the  area  and  ofter  much  shorter  drainage  lines  than  would 
otherwise  have  to  be  traversed  by  the  water.  In  the  region  of  wells 
40,  41,  and  42  the  lines  of  tile  are  entirely  above  the  level  attained  by 
the  ground-water  surface  on  June  6,  so  that  here  only  a  small  portion 
of  the  early  falling  away  of  the  water  could  have  been  directly  influ- 
enced by  the  artificial  drainage. 

It  is  of  course  true  that  the  normal  rate  of  fall  of  the  ground  water 
of  this  j)articular  locality  was  increased  by  the  increased  pressure  due 
to  the  rise  of  the  water  in  the  ground  at  this  time,  so  that  the  full  rise 
of  water  in  the  ground  produced  by  the  3.19  inches  of  rain  can  not  be 
stated  without  applying  a  correction  which  allows  for  the  amount  of 
water  which  drained  away  during  the  interval  under  consideration. 

The  rate  at  which  the  level  of  the  ground  water  did  change  in  the 
locality  under  consideration  was  13.95  inches  during  eighty  days,  from 
June  8  to  September  17, 1889,  or  a  mean  of  0.174  inch  per  day.  During 
one  hundred  and  thirty-one  days,  from  May  27  to  October  29,  the  total 
fall  was  20.495  inches,  or  a  daily  mean  of  0.156  inch  per  day,  and  during 
one  hundred  and  twelve  days,  from  June  9  to  October  7, 1890,  the  total 
fall  was  20.086  inches,  or  a  mean  daily  rate  of  0.179  inch,  the  three  cases 
together  giving  a  general  mean  daily  rate  of  fall  amounting  to  0.173  inch. 

The  mean  daily  rate  of  change  of  0.173  inch  would  amount  for  the 
year  to  a  total  fall  of  the  ground-water  surface  equal  to  63.145  inches, 
and  thus,  according  to  the  table  on  page  103,  must  represent  a  run-off 
somewhere  between  6  inches  and  14  inches,  according  as  the  pore  space 
is  greater  or  less  than  that  of  the  samples  experimented  with,  which  is 
20  to  40  per  cent  of  the  mean  annual  rainfall. 


CHAPTER  II 


EXPERIMEIS^TAL  IXVESTIGATIOIS^S  REGARDI^^G  FEOW  OF 
FLUIDS  THROUGH  POROUS  MEDIA. 

Since  the  investigations  of  Graham,  Poiseuille,  Meyer,  and  others 
regarding"  the  flow  of  fluids  through  capilhiry  tubes  and  of  Darcy 
regarding  the  percolation  of  water  througii  soils,  it  has  been  generally 
assumed  that  the  flow  of  water  through  soils,  sands,  and  porous  rock 
obeys  the  laws  which  govern  the  flow  of  fluids  through  capillary  tubes. 
It  is  generally  believed  that  doubling  the  jiressure  upon  water  moving 
through  sand  will  double  the  quantity  which  will  pass  through  that 
sand  in  a  given  time,  while  doubling  the  length  of  the  sand  column 
or  the  thickness  of  the  sand  or  rock  stratum  will  reduce  the  amount  of 
water  passing  through  in  a  unit  of  time  just  one-half  ;  in  other  words, 
that  the  flow  is  directly  proportional  to  the  pressure  and  inversely 
proportional  to  the  depth  or  thickness  of  the  stratum. 

In  view  of  the  careful  and  extended  work  which  had  been  done,  both 
experimental  and  analytical,  regarding  the  viscosity  of  fluids  and  the 
laws  of  capillary  flow,  it  occurred  to  the  writer,  in  1890,  that  an  appa- 
ratus might  be  devised  to  utilize  the  results  of  some  of  these  studies  in 
determining  the  size  of  soil  grains. 

Since  the  diameter  of  a  capillary  tube  should  be  capable  of  determi- 
nation, by  calculation,  when  its  length  and  the  amount  of  water  flow- 
ing through  it  in  a  given  time  under  a  stated  temi)erature  and  pressure 
are  known,  it  seemed  possible  that  a  knowledge  of  the  amount  of  water 
flowing  through  a  column  of  soil  of  known  cross  section  and  length 
under  given  pressure  and  temperature  might  also  be  used  in  com- 
puting the  diameter  of  the  mean  capillary  pore  through  which  the 
water  had  passed,  and  that  it  then  might  be  possible  to  work  from  this 
to  the  diameter  of  the  sand  or  soil  grains  which  massed  together  would 
produce  the  capillary  pore  that  had  been  determined. 

Studies  in  this  line  were  begun  by  experimenting  with  the  flow  of 
water  though  sands,  but  such  great  dilticulties  were  found  in  the  way 
of  duplicating  results  from  day  to  day  with  the  same  or  slightly  ditfer- 
ent  apparatus  that  it  became  clear  that  the  method  with  water  Avould 
be  impracticable. 

I>ut  as  air  is  held  to  obey  the  same  laws  as  water  in  moving  through 
ca])illary  tubes,  investigations  were  made  with  air;  and  it  was  early 
found  that  here  the  dilliculties  in  the  way  were  very  much  less  than 
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had  been  encountered  with  water,  and  that  it  was  easy  to  get  good 
duplicate  results  in  much  less  time  than  was  possible  with  water. 

When  this  stage  had  been  reached,  the  writer  sought  the  assistance 
of  Prof.  Charles  S.  Slichter,  professor  of  applied  mathematics  in  the 
University  of  Wisconsin,  and  after  the  matter  was  laid  before  him,  he 
kindly  consented  to  undertake  a  mathematical  investigation  of  the  prob- 
lems involved.  He  devised  a  preliminary  formula  which  enabled  a 
practical  test  of  the  matter  to  be  made,  and  a  large  amount  of  work  was 
done  with  sorted  sands  whose  grains  were  large  enough  to  be  counted 
in  sufficient  numbers  to  weigh,  so  that  from  their  weight,  number,  and 
specific  gravity  their  mean  diameter  might  be  computed. 

While  these  two  methods  of  determining  the  diameter  of  sand  grains 
could  not  be  expected  to  give  identical  results,  they  did  give  results 
which  agreed  quite  closely,  and  means  were  then  sought  for  putting 
the  methods  to  a  more  rigid  test. 

As  it  is  impossible  to  get  the  true  diameter  of  the  mean  grains  in  a 
given  sand  or  soil  either  by  microscopic  measurement  or  by  counting 
and  weighing  and  computing  the  diameter  from  the  number,  weight, 
and  specific  gravity,  it  seemed  likely  that  a  more  rigid  test  might  be 
had  and  a  safer  standard  of  accuracy  obtained  if  the  amount  of  water 
which  should  flow  through  the  sand  were  computed  from  the  amount 
of  air  which  was  observed  to  flow  through  the  same  sample.  When 
this  test  was  made  with  the  apparatus  represented  in  fig.  40  the  results 
were  again  closer  than  had  been  ex^^ected. 

But  as  E.  Wollny^  holds,  as  a  result  of  some  recent  investigations 
made  by  himself,  that  the  flow  of  water  through  soils  does  not  increase 
directly  with  the  i)ressure,  it  was  necessary  to  undertake  an  investiga- 
tion of  the  same  problem,  and  this  has  led  to  the  results  here  presented. 

FLOW  OF  FLUIDS  THROUGH  RIGID  POROUS  MEDIA. 

In  the  earliest  eflbrts  made  in  this  investigation  to  determine  the 
flow  of  water  through  sands  it  was  found  extremely  difficult  to  set  up 
an  apparatus  for  measuring  the  flow  in  which  it  was  possible  to  secure 
a  long  series  of  measurements  extending  over  a  range  of  pressures  or 
temperatures  and  then  to  recur  to  the  original  conditions  and  find  the 
same  amount  of  flow  as  was  at  first  observed. 

It  appeared  that  unless  the  surface  of  the  sand  grains  was  scrupu- 
lously clean  the  movement  of  water  over  them  would  dislodge  particles 
of  silt  and  move  them  along  until  they  would  lodge  in  another  place  in 
such  a  manner  as  to  alter  in  a  measurable  way  the  volume  of  water 
discharged  i)er  unit  of  time. 

Marked  changes  of  temperature  on  account  of  the  diiferent  coeffi- 
cients of  expansion  of  the  walls  of  the  apparatus  and  its  contents 
would  seem  to  permit  a  rearrangement  of  the  sand  grains  as  the 
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water  flowed  through  to  such  au  extent  that  it  Avas  iiupossible  to  per- 
form a  series  of  measurements  of  flow  at  one  temperature,  then  to 
change  abruptly  to  another  temperature  for  a  second  series,  and  finally 
to  recur  to  the  first  and  find  that  the  same  rate  of  flow  would  again  be 
established;  and,  this  being  true,  it  became  inadmissible  to  permit  any 
important  changes  in  temperature  to  occur  in  the  apparatus  during  the 
time  a  particular  point  was  being  investigated. 

Then,  again,  it  is  extremely  diflicult  to  use  a  carefully  filtered  dis- 
tilled water  over  and  over  again  for  a  long  series  of  observations  and 
keep  it  entirely  free  from  dust  particles,  whose  introduction  into  tlie 
sand  tends  to  establish  progressive  changes  in  the  rate  of  flow,  and 
thus  to  obs(*ure  the  law  under  investigation.  It  is  further  diflicult  to 
entirely  expel  all  air  from  a  sand,  so  as  to  leave  the  full  cross  section 
available  for  the  flow  of  water  through  it,  and  as  air  so  entangled  is 
liable  to  be  progressively  removed  by  the  water  moving  ])Rst  it,  here  is 
a  source  of  error  which  must  be  carefully  guarded  against. 

On  account  of  these  difficulties  it  seemed  desirable  to  do  some  work 
with  an  apparatus  which  i)ossessed  the  rigid  characteristics  of  a  capil- 
lary tube,  but  at  the  same  time  embodied  some  of  the  peculiarities  of 
a  soil  or  which  had  capillary  passages  lacking  the  regularity  and  direct- 
ness of  capillary  tubes,  with  which  most  of  the  careful  investigations 
regarding  capillary  flow  have  been  made. 

FLOW  OF  WATER  THROUGH  WIRE  GAUZE. 

In  order  to  eliminate  the  possibility  of  change  of  texture  in  the  por- 
ous medium  there  was  first  set  up  the  apparatus  represented  in  fig.  IS, 
consisting  of  three  sections  of  brass  tube  0.709  inch  in  diameter  filled 
with  circular  disks  of  brass  wire  gauze,  woven  out  of  wire  0.17  mm.  in 
diameter  and  having  rectangular  meshes  0.39  by  0.34  mm.  These  disks 
were  of  such  a  diameter  that  they  fitted  the  tube  very  closely  and 
were  rammed  down  one  upon  another  until  each  lU-inch  section  was 
entirely  filled  with  them.  The  results  which  Avere  obtained  from  fi)ur 
sets  of  trials  under  pressures  varying  from  1  to  18  cm.  of  water  are 
given  in  the  table  which  follows. 
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Table  showing  the  relation  of  pressure  to  floiv  of  distilled  icater  through  3  feet  of  disks  of 

ivire  gauze  fitted  into  a  hrass  tube. 


Pres- 
sure. 

Temper- 
ature. 

Amount  of  flow  in  10  minutes. 

Mean 
flow. 

Computed 
flow. 

First  trial. 

Second  trial. 

Third  trial. 

Fourth 
trial. 

Cm, 

Grams. 

Grams. 

Grams. 

Grams. 

Grams. 

Grams. 

1 

22.8 

22.7 

22.7 

23.7 

22.3 

22.9 

22.9 

2 

22.8 

51.4 

51.8 

51.0 

49.0 

50.8 

45.8 

3 

22.9 

76.8 

80.4 

79.8 

76.5 

78.3 

68.7 

4 

23.0 

110.4 

109.2 

110.0 

105.6 

108.8 

91.6 

5 

22.0 

138.0 

128.0 

139.5 

134.0 

134.5 

114.5 

6 

21.7 

164.4 

156.6 

163.2 

161.4 

137.4 

7 

21.8 

189.7 

182.7 

200.2 

191.8 

191.1 

160.3 

,  8 

21.9 

218.4 

212.  8 

229.  6 

222.  4 

220.8 

183.2 

9 

21.4 

241.2 

240.3 

252.9 

244.8 

206.1 

10 

21,  5 

266.0 

268.0 

290.0 

284.0 

2J9.  0 

11 

21.8 

292.6 

295.9 

319.0 

319.0 

309. 1 

251.9 

12 

21.7 

319.2 

328.0 

348.0 

348.0 

337.2 

274.8 

13 

21.6 

343.2 

358.8 

377.0 

372.2 

365.3 

297.7 

14 

21.7 

369.6 

389.2 

403.2 

413.0 

396.2 

320.6 

15 

21.9 

397.5 

423.0 

429.0 

450.0 

424.5 

343.5 

16 

21.8 

424.0 

454.4 

452.8 

478.4 

452.8 

366.4 

17 

21.9 

452.2 

484.5 

472.6 

513.4 

481.1 

389.  3 

18 

21.9 

480.  6 

518.4 

500.4 

540.0 

509.4 

412.2 

This  table  shows  very  clearly  that  the  flow  has  increased  in  a  ratio 
which  is  greater  than  the  increase  of  i)ressure,  the  departure  from  the 
law  of  capillary  flow  varying  from  10.92  per  cent  at  the  pressure  of  2 
cm.  to  23.58  per  cent  for  the  five  highest  pressures,  corrections  have 
been  applied  for  temperature;  but  these  would  be  very  much  smaller 
than  the  departure  from  the  law.  It  should  be  said  that  the  temper- 
atures given  in  the  tables  are  the  mean  of  the  four  temperatures 
observed  for  the  four  trials. 

The  pressure  gauge  used  consisted  of  a  glass  tube  inclined^  as  repre- 
sented in  the  figure,  so  that  the  readings  were  magnified  tenfold,  the 
scale  being  divided  so  that  one-tenth  of  a  millimeter  had  a  length  of 
1  mm.  The  diameter  of  the  gauge  tube  was  nearly  5  mm.  at  the  lower 
end  and  4  mm.  at  the  upper  end,  so  that  there  would  be  a  small  cor- 
rection which  should  be  applied,  the  gage  tending  to  make  the  higher 
pressures  a  very  little  less  than  they  are  recorded.  No  correction  for 
this  has  been  made,  but  were  it  applied  the  departure  from  the  law 
would  be  made  a  little  more  than  shown  in  the  table. 

There  were,  of  course,  errors  growing  out  of  errors  of  judgment  in 
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starting  and  stopping  and  occasionally  slight  clianges  in  head  would 
occur  during  the  run,  but  the  value  of  these  are,  in  a  measure,  shown 
in  the  table. 


Fig.  18.— Apparatus  used  in  studying  the  flow  of  fluids  through  rigid  porous  media.    A,  tube  filled 
with  wire  gauze;  B,  pressure  gage;  C,  overflow. 


Below  are  given  consecutive  duplicate  readings,  which  will  show  the 
variations  that  actually  occurred. 


Pressure. 

Flow  in  10 
minutes. 

Pressure. 

Flow  in  10 
miuutes. 

Cm. 

Grams,  j 

C)ti. 

Grams. 

1 

22.6 

6 

164.2 

Second  

1 

22.7 

6 

165.  0 

First  

2 

51.4 

7 

189.  8 

Second  

2 

51.4 

7 

189.8 

First  

3 

77.0 

8 

218.3 

3 

77.  1 

8 

219. 1 

First  

4 

110.5 

9 

240.  8 

Second  

4 

110.5 

i) 

240.  8 

First  

5 

137.9 

111 

265.  3 

Secon<l  

5 

13S.  0 

10 

266.  4 

112 


MOVEMENTS  OF  GROUND  WATER. 


It  is  evident,  however,  from  an  inspection  of  the  amounts  of  flow 
which  occurred  under  corresponding  pressures  that  from  some  cause 
a  progressive  change  was  taking  place  which  permitted  larger  flows 
the  longer  the  apparatus  was  used.  This  might  be  explained  on  the 
supi30sition  that  some  air  still  adhered  to  the  meshes  of  the  wire  gauze 
and  that  as  the  water  flowed  through  this  was  being  absorbed  little  by 
little. 

If  it  were  true  that  air  still  remained  in  the  apparatus  and  this  was 
the  cause  of  the  departure  from  the  law,  then  the  difference  between 
the  flow  during  the  first  trial  and  the  flow  during  the  last,  under  cor- 
responding pressure,  should  equal  the  percentage  departure  of  23.58, 
which  has  been  pointed  out.  The  difference,  however,  represents  only 
12.4  per  cent  in  the  course  of  the  first  tind  last  flows  under  a  pressure 
of  18  cm. 

It  may  be  further  supposed  that  if  air  was  still  adhering  to  the 
meshes  of  tbe  gauze  in  some  part  of  the  apparatus,  under  the  higher 
pressures  this  air  would  be  more  comj)ressed  than  under  the  lower 
ones,  and  hence  would  obstruct  the  passage  of  the  water  less  Avhen  the 
pressures  were  high  and  thus  give  rise  to  the  ijhenomena  observed  of 
the  flow  increasing  faster  than  the  pressure.  It  is  evident  that  entan- 
gled air  would  tend  to  produce  a  variation  of  the  rate  of  flow  with 
increase  of  pressure,  but  the  differences  of  pressure  here  are  too  small 
to  account  for  the  remaining  11  per  cent. 

If  we  assume  an  atmospheric  pressure  at  the  time  of  the  experiment 
equal  to  740  mm.,  the  increase  of  pressure  due  to  the  water  column 
would  be  170  mm.  of  water,  equal  to  12.5  mm.  of  mercury,  which,  added 
to  740,  makes  752.5  mm.,  and  this  increase  in  pressure  could  reduce  the 
volume  of  the  air  if  present  only  about  1.G9  i^er  ceutj  but  this  could 
eflect  an  increase  of  1.69  per  cent  in  the  flow  only  when  the  air  was 
actually  obstructing  one-half  of  the  passageway,  a  condition  which  does 
not  seem  probable. 

The  next  experiment  consisted  in  shortening  the  same  piece  of  appa- 
ratus to  24  inches  by  removing  one  section.  In  order  to  eliminate  the 
influence  of  any  progressive  change  which  might  occur  there  was  a 
return  to  the  original  pressure  each  time  after  measurement  of  flow 
under  a  new  pressure  was  made,  and  the  results  are  given  in  the  table 
which  follows. 
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Table  showing  the  relation  of  pressure  to  flow  of  distilled  water  through  2  feet  of  wire 

gauze  contained  in  a  brass  tube. 


Pres- 
sure. 


Cm. 
18 
17 
18 
16 
18 
15 
18 
14 
18 
13 
18 
12 
18 
11 
18 
10 
18 
9 


Tempera- 
ture. 


22.1 
22.2 
22.  2 
22.2 
22.0 
21.9 
21.8 
21.7 
21.7 
21.7 
21.7 
21.7 
21.6 
21.6 
21.8 
21.9 
21.8 
21.8 


Flow  in  10  minutes. 


Observed, 


Grams. 

754.3 

712.6 

743.7 

655.9 

731.9 

593.4 

721.8 

555.  6 

717.5 

509.3 

703.4 

461.4 

692.3 

416.9 

677.9 

370.0 

674.7 

330.4 


Computed. 


Grams. 
754. 56 


737.  89 
712.  08 


714.  34 
705. 19 


692.1 
682.2 


666.  0 


660. 


Pres- 
sure. 


Tempera 
ture. 


Cm. 
18 

8 
18 

7 
18 

6 
18 

5 
18 

4 
18 

3 
18 

2 
18 

1 


°C. 
21.6 
21.6 
21.4 
21.4 
21.4 
21.2 
21.2 
21.1 
20.9 
20.8 
20.7 
20.4 
20.5 
20.6 
20.8 
20.8 


Flow  in  10  minutes. 


Observed, 


Grams. 

672.7 

290.2 

663.7 

249.9 

656.7 

212.2 

653.1 

175.  7 

640.8 

137.5 

638.9 

99.8 
627.2 

64.9 
634.1 

32.9 


Computed. 


Grams. 
652. 95 


642.6 


636.  60 


632.  .52 


618.  75 


588.8 


584.1 
592.2 


It  will  be  seen  that  here  too  there  is  an  increase  of  flow  which  is 
more  rapid  than  the  increase  of  pressure,  the  observed  flow  at  a  i^res- 
sure  of  18  cm.  being  7.08  per  cent  greater  than  that  computed  from  the 
observed  flow  at  1  cm.,  while  the  percentage  difference  between  the 
observed  and  computed  flow  is  only  0.79  when  the  observed  flow  at 
10  cm.  pressure  is  used  to  compute  what  it  should  be  at  18  cm. 

The  apparatus  was  again  shortened  until  it  had  a  length  of  one  foot, 
and  it  was  further  modified  by  the  introduction  of  two  pressure  gages 
1.5  inches  from  either  end  of  the  tube,  and  the  results  obtained  appear 
in  the  table  which  follows. 
19  GEOL,  PT   8 
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Table  giving  loss  of  head  letween  gages  A  and  B  and  flow  of  water  through  12  inches  of 

ivire  gauze  in  brass  tube. 


First  trial. 

Second  trial.  • 

Third  trial. 

Loss  of 

Loss  of 

Loss  of 

Pres- 
sure, 

ter. 

pres- 
sure be- 
tween 
A  and 

J.  Wj  VV     1  JLl 

Tem- 

Pres- 
sure, 
wa- 
ter. 

pres- 
sure be- 
tween 
A  and 

!Flow  in 

Tem- 

Pres- 
siire, 
wa- 
ter. 

pres- 
sure be- 
tween 
A  and 

riow 

in 

pera- 
ture. 

10  min- 
utes. 

pera- 
ture. 

lOmin- 
utes. 

pera- 
ture. 

10  min- 
utes. 

B 

B. 

B. 

0  G. 

Cm. 

Cm. 

Grams. 

0  0. 

Cm. 

Cm. 

Grams. 

o  C. 

Cm. 

Cm. 

Grams. 

14.1 

1 

0. 

76 

62.9 

14. 

55 

1 

0.79 

62.8 

15. 

00 

1 

0. 

82 

63. 

0 

14.2 

2 

1. 

50 

126.1 

14. 

65 

2 

1.  52 

124.5 

14. 

90 

2 

1. 

69 

126. 

6 

14.3 

3 

2. 

24 

189.3 

14. 

90 

3 

2.31 

189.9 

14 

90 

3 

2 

39 

188. 

4 

14.4 

4 

3. 

01 

249.8 

14. 

80 

4 

3.08 

251.7 

15 

00 

4 

3. 

21 

251. 

5 

14.4 

5 

3. 

77 

324.9 

15. 

00 

5 

3.  79 

320.6 

15 

00 

5 

4. 

00 

314. 

8 

14.4 

6 

4. 

52 

395.  0 

15. 

00 

6 

4.65 

384.6 

14 

90 

6 

4 

78 

377. 

3 

14.4 

7 

5. 

31 

450.1 

15. 

00 

7 

5.43 

450.0 

14 

90 

7 

5. 

52 

439. 

9 

14.42 

8 

6. 

07 

517.0 

15. 

00 

8 

6.19 

514.8 

14. 

90 

8 

6. 

32 

504. 

4 

14.5 

9 

6. 

82 

581.0 

15. 

00 

9 

6.97 

578.7 

14 

60 

9 

7 

07 

562. 

1 

14.5 

10 

7. 

57 

646.2 

15. 

00 

10 

7.73 

642.5 

14. 

70 

10 

7. 

85 

623. 

2 

14.6 

11 

8. 

33 

712.2 

15. 

00 

11 

8.  54 

705.  5 

14. 

80 

11 

8. 

63 

685. 

8 

14.  75 

12 

9. 

16 

778.1 

14. 

80 

12 

9.33 

762.6 

14. 

80 

12 

9. 

47 

749. 

7 

14.  75 

13 

9. 

91 

843.4 

14. 

90 

13 

10. 13 

826.0 

14. 

85 

13 

10. 

26 

810. 

0 

14.  85 

14 

10. 

68 

907.5 

14. 

95 

14 

10.  88 

888.0 

14. 

85 

14 

11. 

01 

873. 

2 

14.  70 

15 

11. 

47 

973.4 

15. 

00 

15 

IL  67 

948.9 

14. 

90 

15 

11. 

85 

934. 

0 

14.  70 

16 

12. 

26 

1,  037.  5 

15. 

00 

16 

12.  47 

1,012.1 

14. 

90 

16 

12. 

53 

994. 

2 

14.70 

17 

13.03 

1, 104.  0 

15. 

00 

17 

13.23 

1,  082. 2 

14. 

90 

17 

13. 

33 

1,055. 

8 

14.  75 

18 

13.  83 

1, 165. 8 

15. 

00 

18 

14.00 

1, 143.  5 

14. 

95 

18 

14. 

12 

1, 118. 

5 

14.80 

19 

14.  63 

1,231.6 

15. 

00 

19 

14.79 

1,  206.  5 

14. 

95 

19 

14. 

92 

1,178. 

0 

14.  80 

20 

15.  43 

1,296.2 

15. 

05 

20 

15.  59 

1,  269. 1 

15. 

00 

20 

15 

68 

1,  238. 

6 

14.  85 

21 

16.23 

1,  357. 4 

15. 

10 

21 

16.  38 

1,  329. 1 

15. 

00 

21 

16. 

47 

1,  302. 

3 

14.  90 

22 

17.  04 

1,  421. 8 

15. 

05 

22 

17.18 

1,  390.  7 

15. 

00 

22 

17. 

28 

1,  359. 

9 

14.  80 

23 

17.  85 

1,  487.  3 

15. 

05 

23 

17.  99 

1,  454.  2 

15. 

05 

23 

18 

03 

1,420. 

5 

14.  85 

24 

18.  63 

1,  550.  0 

15. 

10 

24 

18.  79 

1,  513. 8 

15. 

00 

24 

18. 

82 

1,  480. 

1 

14.90 

25 

19.42 

1,  614.  6 

15. 

10 

25 

19.  57 

1, 574. 1 

15. 

05 

25 

19. 

63 

1,  540. 

3 

14.  95 

26 

20.26 

1,  675.  6 

15. 

10 

26 

20.38 

1,  634. 4 

15. 

05 

26 

20. 

40 

1,  599. 

2 

14.95 

27 

20.89 

1,  740. 4 

15. 

10 

27 

21.  25 

1,  695.  5 

15. 

05 

27 

21. 

28 

1,  660. 

2 

14.  95 

28 

21.92 

1,  802. 4 

15. 

10 

28 

22.  06 

1,  757. 1 

15. 

10 

28 

22. 

08 

1,718. 

2 

15.  00 

29 

22.  72 

1,  8C6.  9 

15. 

10 

29 

22.  90 

1,  816.8 

15. 

10 

29 

22. 

85 

L  779. 

6 

15.  00 

30 

23.  57 

1,  929. 4 

15. 

20 

30 

23.70 

1.880.7 

15. 

10 

30 

23. 

67 

1,839. 

1 

In  these  experiments  and  the  foregoing  the  temperature  was  taken 
with  the  thermometer  placed  in  the  receptacle  for  maintaining  the  con- 
stant head  shown  in  fig.  19,  and  the  work  was  done  in  a  constant  tem- 
perature room  built  in  a  subcellar  under  the  center  of  the  i^hysical 
laboratory,  the  light  cooiing  from  electric  lamps.  The  water  used  was 
distilled  and  kept  in  a  closed  copper  reservoir  suspended  near  the  ceiling 
of  the  room  and  having  a  capacity  of  about  1.5  cubic  feet.  The  dis- 
charge from  this  reservoir  was  controlled  by  a  cock,  and  the  water 
discharged  first  into  a  filter  of  coarse  sand  and  then  into  the  overflow 
vessel  shown  in  the  cut.  The  water,  after  passing  through  the  ai^pa- 
ratus,  was  caught  in  glass  beakers,  weighed  on  a  pair  of  torsion  balances 
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sensitive  to  0.1  gram,  and  then  returned  to  the  reservoir  to  be  used 
again. 

To  assist  in  making  the  fine  adjustment  of  head,  the  bar  carrying 
the  overflow  was  provided  with  a  joint  which  permitted  it  to  be  flexed, 
and  thus  to  be  raised  or  lowered  very  small  amounts  after  the  desired 
level  had  been  nearly  secured  with  the  set  screw.  The  pressures  in  the 
internal  gages  were  read  directly  from  the  tubes,  which  carried  a  scale 
inade  from  paper  ruled  in  centimeters  and  millimeters,  the  same  paper 
being  used  to  make  the  scale  on  the  long  inclined  gage  tube.  The 
errors  in  reading  the  two  internal  gages  are  therefore  likely  to  be 
greater  than  those  for  the  other  gage. 


Fig.  19. — Second  apparatus  of  -sviro  gauze,  with  two  internal  pressure  pages;  A,  tube  with  wire 
gauze  and  internal  gages;  15,  pressure  gage;  C,  overflow  witli  wier  4  and  outlet  5;  7,  set  screw  lor 
adjusting  head;  6,  supply  tube;  1,  discharge  wier  with  outlet  2. 

It  will  be  observed  from  the  table  that  there  were  still  progressiv^e 
changes  going  on  iu  the  apparatus,  but  these  were  not  nearly  so  large 
as  they  were  when  the  2  feet  of  tube  was  used,  the  changes  being  in 
the  opposite  direction  from  those  which  occurred  during  the  trials  made 
with  the  full  length  of  tube. 

AVe  will  now  bring  into  another  table  tlic  computed  and  observed 
flows,  and  also  the  computed  and  observed  losses  of  pressure  between 
the  two  internal  gages. 
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Table  showing  mean  temperature,  pressure,  loss  of  pressure  letween  internal  gages,  and 
mean  flow  for  ten  minutes,  together  tvith  the  computed  flow  and  loss  of  head  letween 
internal  gages. 


Mean 
tempera- 
ture. 

Mean 
pressure, 
water. 

Mean  loss  of  pres- 
sure between  in- 
ternal gages. 

Mean  flow. 

Departure  from  law 
of  Poiseuille. 

Observed. 

Com- 
puted. 

Observed. 

Com- 
puted. 

Cm. 

Orams. 

Orams. 

Grams. 

Orams. 

Grams. 

Per  cent. 

14. 55 

1 

0.  79 

0.  79 

62.  9 

62.  9 

0.0 

0.0 

14. 58 

2 

1.  57 

1.  58 

125.  7 

125. 8 

—  .1 

.0795 

14.70 

3 

2.  31 

2.  37 

189.  2 

188.  7 

.  5 

.2650 

14. 73 

4 

3. 10 

3. 16 

251.  0 

251.  6 

—  .6 

.2385 

14.80 

5 

3  85 

3.  95 

320. 1 

314. 5 

5.6 

1.7810 

14. 76 

6 

4.  65 

4. 74 

385. 6 

377. 4 

8.2 

2. 1730 

14.  76 

7 

5. 42 

5.  53 

446. 6 

440. 3 

6.3 

1.  4310 

14.  77 

8 

6. 19 

6.  32 

512. 0 

503.  2 

8.8 

1. 7490 

14.70 

9 

6.  95 

7. 11 

573.  9 

566. 1 

7.8 

1.378 

14.  73 

10 

7.  72 

7.  90 

637.  3 

629.  0 

8.3 

1.  320 

14.80 

11 

8.  50 

8.  69 

701. 1 

691.  9 

9.2 

1.330 

14.78 

12 

9. 29 

9. 48 

763. 4 

754. 8 

8.6 

1. 139 

14. 80 

13 

10. 10 

10.  27 

826. 4 

817.  7 

8.7 

1.064 

14. 88 

14 

10. 86 

11.  06 

889. 5 

880.  6 

8.9 

1.011 

14. 86 

15 

11.  65 

11.85 

952. 1 

943.  5 

8.6 

.9115 

14.86 

16 

12. 42 

12.  64 

1,  014.  6 

1,  006.  4 

8.2 

.  8151 

14.86 

17 

13.20 

13. 43 

1,  080.  6 

1,  069.  3 

11.3 

1.057 

14.  90 

18 

13.  98 

14.  22 

1, 142.  6 

1, 132.  2 

10.4 

.9187 

14.91 

19 

14.  78 

15.  01 

1,  205. 4 

1, 195. 1 

10.3 

.8619 

14.95 

20 

15.57 

15.  80 

1,  268.  0 

1,  258. 0 

10.0 

.7949 

14.98 

21 

16.  36 

16. 59 

1,  329.  6 

1,  320.  9 

8.7 

.6586 

14.98 

22 

17. 17 

17.  38 

1,  390.  8 

1,  383. 8 

7.0 

.5058 

14.96 

23 

17. 96 

18. 17 

1, 454.  0 

1, 446.  7 

7.3 

.  5045 

14. 98 

24 

18.  75 

18.  96 

1,  514.  6 

1,  509. 6 

5.0 

.3311 

15.01 

25 

19. 54 

19.75 

1,  576.  3 

1,  572. 5 

3.8 

.2416 

15. 03 

26 

20.  35 

20. 54 

1,  636.  4 

1,  645. 4 

1.0 

.0612 

15.03 

27 

21. 14 

21. 33 

1,  698.  7 

1,  698.  3 

.4 

.0236 

15.05 

28 

22.  02 

22. 12 

1,  759. 2 

1,  761. 2 

—  2.0 

.1136 

15.06 

29 

22. 82 

22.  91 

1,  821. 1 

1,  824. 1 

—  3.0 

.1645 

15. 10 

30 

23. 65 

23.70 

1,  883. 1 

1, 887.  0 

—  3.9 

.2067 

The  loss  of  head  between  the  two  internal  gages,  it  will  be  seen, 
was  very  regular  throughout  the  whole  series.  This  fact  is  brought 
out  clearly  by  column  4  in  the  table,  which  is  computed  on  the  supposi- 
tion that  the  loss  of  head  within  the  tube  is  directly  proportional  to 
the  pressure  as  measured  by  the  outer  gage,  and  the  29  values  in  the 
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column  headed  Computed are  obtained  by  multiplyiug  tbe  first 
number  (0.79)  by  the  pressures  from  1  up  to  30. 

It  will  be  seen  that  these  computed  values  agree  very  closely  with 
those  which  were  observed,  but  in  every  case  are  somewhat  larger, 
though  not  uniformly  so.  In  the  column  of  computed  flows  the  values 
are  derived  from  the  first  observed  flow  by  multiplying  by  the  suc- 
cessive pressures  under  which  the  observed  flows  were  produced. 

It  will  be  seen  that  wliile  the  flow  of  water  through  this  section  con- 
forms quite  closely  to  the  law  of  Poiseuille  there  is  nevertheless  a 
measurable  departure  from  it  which  is  too  regular  and  T)ersistent  to  be 
attributed  to  errors  of  observation. 

It  is  noteworthy  that  under  pressures  of  1,  2,  3,  and  4  cm.  of  water 
the  departure  from  the  law  of  Poiseuille  is  not  greater  than  0.2  of  1 
per  cent,  but  beyond  this,  and  until  a  pressure  of  22  cm.  is  reached,  the 
flow  is  on  the  average  1  per  cent  faster.  The  flow  then  comes  closer 
and  closer  to  the  law,  until  finally  a  nearly  complete  agreement  is 
reached  at  a  pressure  of  27  cm.  Beyond  this  point,  however,  although 
the  agreement  is  very  close,  a  dei)arture  from  the  law  in  the  oi^posite 
direction  Is  evidently  setting  in,  and  while  this  change  is  due  in  i^art 
to  the  slight  apparent  progressive  decrease  in  flow  through  the  appa- 
ratus, which  is  shown  by  the  table  of  original  data,  this  can  hardly  be 
responsible  for  the  whole  of  the  change. 

At  a  later  time  measurements  were  made  of  the  flow  of  water  through 
this  section  under  much  higher  pressures,  but  these  also  differed 
among  themselves  through  quite  wide  limits.  In  order  to  eliminate  the 
efl'ect  of  any  j^rogressive  change  which  might  occur,  the  flows  were 
measured  under  alternately  high  and  low  jnessures,  but  the  results  are 
placed  in  the  table  in  the  order  of  the  pressures  and  are  numbered  from 
1  to  19  in  the  order  of  the  experiment.  Clear  well  water  was  used, 
filtered  through  the  apparatus  represented  in  fig.  30,  and  the  pressures 
were  taken  as  there  described,  but  are  here  expressed  in  centimeters  for 
comparison  with  the  other  results. 

The  table  which  follows  contains  both  the  observed  flows  and  those 
computed  from  the  mean  of  the  flows  under  the  lowest  pressure, 
assuming  Poiseuille's  law  to  hold  good  for  the  full  range  of  pressures. 
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TaMe  showing  the  flow  of  water  through  12  inches  of  wire  gauze  in  Irass  tuhe. 


ITumber 
of  trial. 

Pressure  of 
water. 

Tempera- 
ture. 

Observed 
flow  per 

Computed 

UUW  ^t/i 

Percentage  departure  | 
in — 

minute. 

minute. 

Grams. 

Per  cent. 

2 

Cm. 
88. 16 

15.1 

Grams. 
360.6 

Grams. 
360.6 

20 

115.9 

14.0 

493.5 

474.0 

19.5 

4. 16 

4 

UlA 

15.4 

707.6 

602. 8 

104.8 

17.  39 

6 

176.3 

15.1 

772.0 

721.2 

50.8 

7.04 

8 

201.6 

14.9 

881.3 

824.6 

56.7 

6.  88 

10 

229.3 

14.5 

994.7 

938.0 

56.7 

6.05 

12 

259.9 

14.7 

1, 111.6 

1,  063.  2 

48.4 

4.55 

14 

290.2 

14.8 

1,  212.  0 

1, 186.  6 

25.4 

2. 14 

16 

322.2 

14.7 

1,  315.  0 

1,318.2 

  .  24 

18 

490.9 

14.5 

1,  876.  0 

2,  008. 1 

 132. 1 

17 

525.7 

14.7 

1,  999.  0 

2, 155. 1 

—156. 1 

—  7.24 

15 

564.2 

14.8 

2, 103.  0 

2,  307.  5 

—204. 5 

—  8.89 

1  Q 

Ooi.  D 

ID.  1 

Z,  6io.  i 

—166. 7 

—  7.01 

11 

639.1 

15.1 

2,  326.  0 

2,  614. 1 

—288. 1 

—11. 02 

9 

679.7 

15.2 

2,  406.  0 

2,  780. 1 

—374. 1 

—13. 46 

7 

714.5 

15.4 

2,  504.  0 

2,  922. 1 

—418. 1 

—14.  31 

5 

750.5 

15.5 

2,  606. 0 

3,  069. 5 

—463.  5 

—15. 10 

3 

785.6 

15.3 

2,  679.0 

3,  213.  3 

-  534.  3 

—18. 66 

1 

88. 16 

14.2 

19 

785,6 

13.8 

At  a  still  later  time,  when  freshly  boiled  water  was  being  used  to 
avoid  the  possibility  of  air  clogging,  the  flow  of  water  was  again 
measured  through  two  sections  of  the  brass  tube  filled  with  the  gauze. 
The  water  when  used  was  still  quite  hot,  as  the  table  shows. 

Tal)le  showing  the  flow  of  icater  in  grams  per  minute  through  2  feet  of  wire  gauze  in  a 

hrass  tuhe. 


Pressure 
of  water. 

Tempera- 
ture. 

Observed  flow  at  tem- 
perature of — 

Computed  flow  at  tem- 
perature of — 

Experi- 
ment. 

15°  C. 

Experi- 
ment. 

15°  C. 

Cm. 

Grams. 

Grams. 

Grams. 

Grams. 

90.  94 

54 

487.5 

224.7 

487.5 

299.2 

201.8 

55 

909.9 

400.4 

1,  088.  9 

663.8 

311.5 

55 

1,  251. 1 

576.5 

1,  684. 1 

1,  025.  0 

411.5 

56 

1,  460.  3 

672.8 

2, 138. 4 

1,  354.  0 

494.4 

56 

1,  689.  7 

778.8 

2,  667. 5 

1,  626.  0 

603.8 

56 

2,  006.  7 

924.9 

3,  485.  3 

1,  987.  0 

723.3 

56 

2, 186.  0 

1,  007.  3 

3,  665.  0 

2,  380.  0 

916.5 

56 

2,476.8 

1, 141. 5 

4,  968.  3 

3,  015. 0 
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The  data  of  these  two  tables  show  an  extremely  wide  departure  from 
a  flow  directly  proportional  to  the  pressure.  Indeed,  in  the  case  of  the 
2-foot  tube  there  is  a  departure  of  19.G7  per  cent  in  passing  from  a  head 
of  90.94  cm.  to  201.8  cm.,  while  under  a  head  of  916.5  cm.  the  observed 
flow  is  less  than  one-half  that  which  is  computed. 

In  fig.  20  these  observations  have  been  plotted,  using  the  pressures 
as  abscissas  and  the  flow  as  ordinates.  In  the  lower  portion  of  the 
cut  the  flows  under  the  lower  pressures  are  plotted,  aud  conjectural 
ones  are  interpolated  to  meet  the  observations  made  under  higher 
pressures,  while  in  the  upper  portion  the  full  curves  are  plotted  on  a 
more  reduced  scale.  The  straight  solid  lines  are  drawn  at  the  slope 
which  indicates  a  flow  proportional  to  the  pressure,  and  they  express 
clearly  the  wide  departures  from  the  law  which  sets  in  at  relatively  very 
low  pressures. 


Fig.  20. — Curves  of  Govt  of  water  through  wire  gauze.  Lines  I,  IT,  III  show  increa.se  of  flow,  computed 
from  Poiseuille  8  law,  for  sections  1,  2,  and  3  feet  long.  Circles  and  crosses  show  observed  flow. 
Abscissas  indicate  pressure  in  centimeters  and  ordinates  flow  in  grams. 


The  wire  gauze  was  chosen  for  these  trials  as  something  which  pre- 
sented passageways  for  the  water  sufficiently  different  from  capillary 
tubes  on  the  one  hand  and  which  yet  insured  some  of  the  characteris- 
tics of  the  lines  of  flow  which  must  exist  in  a  mass  of  sand,  at  the  same 
time  precluding  any  rearrangement  of  parts  either  with  the  movement 
of  water  or  with  changes  in  temperature. 

FLOW  OF  FLUIDS  THROT^GH  DISKS  OF  PERFORATED  RRASS. 

The  next  i)iece  of  a{)i)aratus  us(;d  is  represented  in  lig.  21,  and  is  made 
in  such  a  manner  that  the  flow  takes  j)lace  through  a  definite  number 
of  circular  openings,  all  of  the  same  size,  and  held  rigidly  in  one  position, 
which  can  not  be  changed. 
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Circular  disks  1.5  inches  in  diameter  were  cut  from  perforated  sheet 
brass,  having  openings  0.451  mm.  in  diameter^  and  so  placed  that  534 
perforations  occupied  a  circle  1  inch  in  diameter.  One  hundred  of  these 
circular  disks  were  brought  together  so  as  to  form  a  cylinder,  the  disks 
being  separated  by  brass  washers,  each  1.5  inches  in  diameter,  having 
a  circular  opening  1  inch  in  diameter  and  cut  from  sheet  brass  having  a 
thickness  a  little  less  than  the  diameter  of  the  openings  in  the  perforated 
brass.  The  center  washer  of  the  pile  had  a  section  cut  from  it  so  as  to 
leave  an  opening  through  which  the  pressure  might  be  taken  out.  In 
this  condition  the  100  i^erforated  disks  and  the  101  washers  were  brought 
together  in  a  vice  and  pressed  firmly  together,  while  the  edges  of  the 
disks  and  washers  were  soldered  together  so  as  to  form  a  cylinder  hav- 
ing 534  lines  of  i)erforations  and  .53,400  holesthrough  which  fluids  could 
be  passed  J  but  as  no  effort  was  made  to  place  the  holes  in  lines  the 
lines  of  flow  would  not  be  perfectly  straight  and  parallel. 

The  figure  represents  the  apparatus  set  up  with  five  of  the  sections 
described,  placed  together  end  to  end,  each  provided  with  a  pressure 
gage,  as  shown.  When  used  in  this  way  the  fluid  may  be  considered 
as  flowing  along  534  somewhat  i)arallel  though  not  straight  lines,  each 
stream  being  obliged  to  enter  and  emerge  from  500  short  capillary  tubes, 
each  having  a  length  less  than  the  diameter. 

The  first  series  of  measurements  of  flow  was  made  with  kerosene 
instead  of  water  in  order  to  avoid  the  possibility  of  electrolytic  action, 
which  might  x)ossibly  clog  the  holes,  and  the  two  end  sections  only 
were  used.  To  avoid  disturbances  which  the  end  influence  might  be 
supposed  to  make  in  the  readings  of  the  pressure,  the  overflow  was  so 
adjusted  as  to  produce  a  difference  of  pressure  between  the  centers  of 
the  two  sections  used  of  1,  2,  3,  and  4  cm.  of  kerosene.  This  arrange- 
ment made  the  measuring  of  the  pressure  take  place  just  50  disks  back 
from  either  end  and  measured  the  loss  of  head  between  100  disks. 
The  flow  was  measured  under  four  x)ressures,  and  three  10-minute 
readings  were  taken  in  each  case,  giving  the  results  stated  below: 


Pres- 
sure. 

Time. 

Tempera- 
ture. 

Observed 
flow. 

Computed 
flow. 

Cm.. 

Minutes. 

°C. 

Grains. 

Grams. 

1 

10 

19.5 

196.2 

196.2 

2 

10 

19.6 

392.5 

392.4 

3 

10 

19.4 

589.6 

588.6 

4 

10 

19.2 

784.7 

784.8 

The  flows  follow  quite  closely  an  increase  proportional  to  the  pressure. 

After  these  measurements  of  flow  were  made  the  full  battery  of 
pieces  was  set  up,  as  represented  in  fig.  21,  and  the  flow  was  measured 
nnder  pressures  of  4,  8,  12, 16,  20,  and  24  cm.,  and  at  the  same  time  the 
pressures  at  the  several  internal  gages,  A,  B,  0,  D,  E,  F,  and  the  exter- 
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11  al  one,  K,  Avere  also  read  and  the  results  are  given  in  the  following 
table : 


Table  shoiving  relation  of  pressure  to  flow  of  kerosene  thi'ough  disks  of  perforated  J>rass. 


Tem- 
pera- 
ture. 

Time. 

Pressure. 

Flow. 

Per- 
centage 
depart- 
ure. 

A 

B 

C 

D 

E 

F 

K 

Ob- 
served. 

Com- 
puted. 

Mill. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Grams. 

Grams. 

17 

10 

0.4 

0.9 

1.5 

2.1 

2.7 

3.3 

4 

121.4 

121.4 

17 

10 

.8 

1.8 

3.0 

4.3 

5.5 

6.9 

8 

236.9 

242.8 

2.430 

17 

10 

1.3 

2.9 

4.7 

6.9 

8.7 

10.4 

12 

355.2 

364.2 

2.  471 

17 

10 

1.7 

3.8 

6.3 

9.3 

11.5 

14.1 

16 

473.1 

485.6 

2.  574 

17 

10 

2.2 

5.0 

8..0 

11.6 

14.3 

17.5 

20 

585.3 

607.0 

3.575 

17 

10 

2.6 

5.8 

9.8 

14.3 

17.8 

21.0 

24 

699.3 

728.4 

3.  995 

In  this  case  the  table  shows  that  the  flow  does  not  increase  so  rapidly 
as  the  pressure  does,  the  departure  being  nearly  4  per  cent  at  a  pres- 
sure of  24  cm.,  while  at  8  cm.  the  departure  from  the  law  is  2.43  per  cent. 

As  the  flow  was  so  rapid  through  this  apparatus,  and  as  there  was 
so  much  danger  of  clogging  from  chemical  action  if  water  were  used, 


Fig.  21.— Apparatus  of  iierforatcd  bra.ss  disks.    A,  15,  C,  B,  E,  F,  8<'cfioiiH  witli  interual prtssuro 
gages;  G,  H,  discharge;  I,  J,  sujjply ;  K,  external  pressure  gage. 

there  appeared  to  be  little  prospect  of  getting  decisive  results  Avith  it 
and  it  was  abandoned. 

One  of  tlie  sections,  however,  was  mountcMl  in  the  manner  d('sci  il)ed 
in  another  \)hw.v  and  the  How  of  water  tlirongli  it  was  measured  under 
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pressures  ranging  from  1  foot  of  water  up  to  more  than  50  feet;  these 
measurements  are  given  in  the  next  table. 

Table  shoiving  the  relation  of  pressure  to  flow  of  water  through  100  disks  of  perforated 

hrass. 


Tempera- 
ture. 

Pressure 
of  water. 

riow  per  minute. 

Tempera- 
ture. 

Pressure 
of  water. 

Flow  per  minute. 

Observed. 

Com- 
puted. 

Observed. 

Com- 
puted. 

°C. 

Feet. 

Pounds. 

Pounds. 

°C. 

Feet. 

Pounds. 

Pounds. 

11.0 

1.0 

1.69 

1.69 

9.  75 

11.0 

9.  42 

18.  59 

10.5 

2.0 

3.295 

3.  38 

9.6 

12.0 

9.  79 

20. 28 

10.5 

3.0 

3.725 

5.  07 

9.6 

13.0 

10.  27 

21.97 

10.1 

5.0 

5.550 

8.  45 

9.6 

14.0 

10.  70 

23.66 

10.0 

6.0 

6. 420 

10. 14 

9.6 

15.0 

10.  98 

25.  35 

9.9 

7.0 

7. 145 

11.74 

9.5 

20.  59 

13.  75 

34.  80 

10.0 

8.0 

7. 800 

13.52 

10.6 

33. 96 

17.  99 

57.  39 

9.9 

9.0 

8.  23 

15.  22 

10.9 

44.26 

20.  48 

74. 80 

10.1 

10.0 

8.  55 

16.90 

9.7 

52.70 

22. 03 

89. 06 

Here  it  will  be  seen  that  the  flow,  after  a  pressure  of  2  feet  has  been 
exceeded,  falls  far  short  of  increasing  in  proportion  to  the  pressure. 

Air  flowed  through  this  same  section  under  a  constant  pressure  of 
1  cm.  and  a  temperature  of  13°  C.  at  the  mean  rate  of  4,285.7  c.  c.  per 
minute  as  a  mean  of  five  trials. 

FLOW  OF  FLUIDS  THROUGH  MADISON  SANDSTONE. 

In  E"ovember,  1897,  we  had  a  piece  of  very  ftiable  Madison  sandstone 
shaped  into  a  cylinder  4.2  cm.  in  diameter  and  4.7  cm.  long,  and  this 
was  cemented  into  a  piece  of  gas  pipe  iDrovided  with  reducers  and  hose 
couplings  so  that  it  could  be  connected  with  the  hose  bib  faucets  on  the 
several  floors  of  the  laboratory.  Sulphur  was  used  to  seal  the  stone  in 
the  pipe,  it  being  melted  and  poured  around  the  specimen,  thus  mak- 
ing a  water-tight  joint  between  the  metal  and  the  stone.  Two  series  of 
trials  were  made  with  this  specimen,  which  are  recorded  in  the  table 
below.  Well  water  stored  in  a  tank  was  used  for  these  trials,  and  the 
apparatus  was  connected  directly  to  the  faucets  on  the  several  floors  of 
the  laboratory  in  order  to  vary  the  pressure  in  these  preliminary  trials. 
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Table  showing  relation  of  pressure  to  flow  of  water  through  Madison  sandstone  Xo.  1. 


First  series. 

Second  series. 

Num- 
ber of 
trial. 

Time. 

Tem- 
pera- 
ture. 

Pressure 
of  water. 

riow. 

Num- 
ber of 
trial. 

Time. 

Tem- 
pera- 
ture. 

Pressure 
of  water. 

Flow. 

1 

2 
3 
4 
13 
5 
6 
7 
8 
9 
10 
11 
12 

Min. 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

24.1 

24. 1 

24.1 

24.1 

24.1 

22 

22 

19 

19 

23 

23 

15 

15 

Feet. 
32. 333 
32.  333 
32. 333 
32. 333 
32. 333 
19. 083 
19. 083 
4.  833 
4.833 
43.25 
43.  25 
51.75 
51.75 

G.  c. 

3,  550 

3,  300 
3, 190 
3, 108 
2,  675 
1,380 
1,410 

260 
250 
4, 100 
3,910 

4,  440 
4,  400 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Min. 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

23.6 

23.  0 

27.1 

24.8 

20.8 

20.0 

18.  25 

16.0 

13.5 

25.5 

25.5 

Feet. 
55.75 
55.  75 
47. 25 
47.  25 
36.  33 
36.  33 
23. 083 
23. 083 
8. 833 
55.75 
55.  75 

G.  c. 
4,  860 
4,  820 
4,110 
3,930 
2,  570 
2, 550 
1,410 
1,350 
400 
4,  520 
4,  320 

From  this  table  it  will  be  observed  tliat  the  flow,  besides  varying  with 
the  pressure,  also  tends  to  decrease  the  longer  the  water  is  allowed  to 
flow,  and  the  proof  of  the  decrease  is  found  in  the  fact  that  a  return 
to  the  original  pressure  shows  a  smaller  discharge;  but  the  surprising 
feature  of  this  table  is  that  it  shows,  in  spite  of  the  tendency  of  the 
flow  to  decrease  with  time,  a  marked  tendency  to  increase  faster  than 
the  pressure.  This  fact  is  more  clearly  brought  out  in  the  table  next 
given,  where  the  several  flows  under  the  same  pressures  have  been 
averaged  and  computed  to  a  flow  at  a  temperature  of  15°,  and  the  flow 
called  for  by  Poiseuille's  law  is  also  computed  from  that  which  would 
have  taken  place  under  the  lowest  pressure  in  each  series  had  the 
temperature  been  15°. 


Table  showing  the  relation  of  mean  flow  to  pressure  through  Madison  sandstone  Xo.  1. 


1 

Mean  and  computed  flow,  first  trial. 

Mean  and  computed  flow,  second  trial. 

Time. 

Tem- 
pera- 
ture. 

Pres- 
sure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Time. 

Tem- 
pera- 
ture. 

Pres- 
sure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Min. 

Cm. 

Grams. 

Grams. 

Min. 

°G. 

Gm. 

Grams. 

Grams. 

10 

15 

130.7 

227.7 

227.7 

10 

15 

703.5 

1,298.0 

1,001.0 

10 

15 

581.  6 

1, 153.  0 

898.9 

10. 

15 

1, 107.  0 

2,  203.  0 

1,670.0 

10 

15 

985.4 

2,  486.  0 

1,  523.  0 

10 

15 

1,440.0 

3,  023.  0 

2, 173 

10 

15 

1,318 

3,230 

2,  038. 0 

10 

15 

1,699 

3,  875.  0 

2,  563 

10 

15 

1,577 

4,  420 

2,438 

10 

15 

1,  699 

3,379 

2,  563 

10 

269.2 

406.1 

406.1 
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The  amount  of  departure  of  the  flow  computed  from  that  which  took 
place  under  the  lowest  pressure  in  each  of  the  two  series  is  shown  by 
the  departure  of  the  two  curves  from  the  two  straight  lines  I  and  II  in 
fig.  22,  where,  did  the  Poiseuilleian  law  hold,  all  observed  flows  should 
when  plotted  fall  upon  the  two  straight  lines.  It  will  be  seen  that  the 
flow  increases  faster  than  the  pressure  in  spite  of  the  fact  that  there 
had  been  a  progressive  decline  in  the  amount  of  discharge  under  like 
pressures. 
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'—3000 


eooo 


z-zooo 


* '400  cm  800 
J  I  I  i   I  I  Ljl 


/200      /600     £000     a^-OO  cm. 

■     1     '     '     '     ^     '  I  I     I     I  I  


Fig.  22.— Curves  of  flow  of  water  through  Madison  sandstones  Xo.  1.  Straight  lines  I,  II,  Poiseuil- 
leian lines ;  dark  and  light  circles,  connected  hy  broken  lines  I,  II,  observed  flow.  Abscissas  indi- 
cate pressure  in  centimeters  and  ordinates  flow  in  grains. 


FLOW  OF  WATER   AND   OIL   THROUOH   ROCK,   AS   DETERMINED  BY 

NEWELL. 

After  the  results  just  cited  were  reported  to  Mr.  F.  H.  Newell,  he 
kindly  forwarded  for  examination  a  Thesis  on  the  Geology  of  Bradford 
Oil  Eocks  5  some  Experiments  Pertaining  to  their  Structure  and  Capac- 
ity to  Furnish  Petroleum,  which  he  prepared  in  1885.  As  this  thesis 
contains  the  earliest  experimental  data  with  which  the  writer  is  ac- 
quainted bearing  upon  the  relation  of  the  flow  of  fluids  through  rock 
to  pressure,  some  of  these  will  be  here  cited,  Mr.  ]:^"ewell  having  kindly 
consented  to  permit  their  free  use. 
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The  apparatus  which  Newell  finally  adopted  for  obtaining  his  ex- 
perimental data  is  represented  by  figs.  23  and  24  and  the  "preliminary 
tests"  which  he  made  with  these  pieces  give  the  results  which  have  the 
most  imj)ortaut  bearing  upon  the  present  discussion. 

The  results  first  presented  were  obtained  with  the  apparatus  shown 
in  fig.  23,  in  which  he  used  two  pieces  of  stone  from  Amherst,  Ohio, 
"probably  from  the  Berea  grit." 

The  Amherst  stone  is  a  light  yellow  sandstone,  quite  free  working,  though  showing 
well-marked  lines  of  stratification.  It  is  very  porous  and  pervious,  and  was  used 
because  not  only  near  at  hand,  but  cut  easily  and  was  pervious  enough  to  be  used  in 
thick  pieces  up  to  1^  inches  without  difficulty. 


Fig.  23. — First  apparatus  used  by  ^Tewell  in  studying  the  flow  of  water  and  oil  through  rock.    A,  A, 
saini)le  of  stoue ;  B,  glass  tube;  C,  Bupply;  D,  pressure  gage. 

The  grains  are  very  uniform  in  size.  It  contains  considerable  clay  and  has  very 
numerous  spots  of  iron  rust  arranged  in  bands  parallel  to  stratification. 

The  specimens  were  ground  down  to  0.5  inch  and  then  cut  into  disks  eciualing  the 
outside  diameter  of  tlie  short  glass  cylindrical  tubes.  Specimen  A5  was  cut  with  Ihit 
faces  at  right  angles  to  plane  of  stratification ;  A6  parallel  to  stratification. 

There  is  no  statement  in  the  paper  giving  the  exact  diameters  of  these 
specimens,  but  the  drawing  indicates  that  they  were  1.5  inches.  In 
making  the  tests  distilled  water  was  used,  which  was  caught  in  beakers, 
and  the  amount  flowing  through  was  determined  by  weigliing.  The 
following  table  contains  the  data  obtained  from  ten  trials  under  five 
l)ressures  with  each  of  the  two  specimens: 
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Table  showing  the  relation  of  pressure  to  flow  of  water  tlirough  Amherst  sandstone,  dy 

Newell. 


Time. 

Pressure. 

Plow  along  bedding  plane  A 5. 

Flow  across  bedding  plane  A6. 

Mer- 
cury. 

Wa- 
ter. 

Ob- 
served 
tiow. 

Total 

ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Ob- 

otil  \  Ctl 

flow. 

Total 
ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Min. 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

In. 

2 
2 
4 
4 
8 
8 
16 
16 
32 
32 

Cm. 

C.  c. 
1.72 
1.56 
3.48 
3.31 
7.  68 
6.51 
15.  08 
11.92 
34.24 
32.  90 

C.  c. 

0.  c. 

C.  e. 

Per  ct. 

C.  c. 
0.45 
.61 
1.13 
1.13 
2.62 
2.49 
5.79 
4.  76 
11.14 
10. 74 

G.  c. 
1.06 

C.  c. 

C.  c. 

Per  ct. 

69 

3.  28 

3.  28 

0.00 

0.  00 

1.06 

0.  00 

0.  00 

138 

6.  79 

6.  56 

.23 

3.51 

2.26 

2. 12 

.14 

6.  60 

276 

14. 19 

13.12 

1.07 

8. 16 

5.11 

4. 24 

.87 

20.  52 

552 

27. 00 

26. 24 

.76 

2.  70 

10.  55 

8.48 

2. 07 

24. 41 

1,104 

67. 14 

52.48 

14.  66 

27.  93 

21.88 

16.  96 

4,  92 

29.01 

It  will  be  observed  that  the  rate  of  flow  through  the  stone  was  much 
faster  iu  the  section  where  the  movement  took  place  along  the  planes 
of  stratification,  and  this  is  as  would  be  expected  if  there  was  any  dif- 
ference in  the  structure  corresponding  to  the  bedding  planes,  for  if 
some  layers  were  finer  grained  than  others,  or  if  certain  layers  were 
more  completely  silted  up  than  others,  these  would  be  the  chief  factors 
in  determining  the  rate  of  flow  through  the  whole  specimen  in  the  case 
where  the  flow  is  across  the  bedding  planes,  because  no  more  water 
could  pass  the  more  open  layers  than  was  able  to  pass  those  of  the 
closest  texture,  but  where  the  flow  was  taking  place  along  the  bedding 
planes  each  particular  stratum  could  carry  water  in  proportion  to  the 
coarseness  of  its  texture,  uninfluenced  by  any  other. 

These  observations,  therefore,  bring  out  one  important  principle,  in 
that  they  show  that,  as  a  general  rule,  the  rate  of  flow  of  water 
through  rock  will  be  relatively  more  rajoid  along  horizontal  or  slightly 
inclined  bedding  planes  than  across  them. 

This  principle  is  iDarticularly  important  in  its  bearing  upon  the  dig- 
ging of  wells  of  all  kinds,  for  it  emphasizes  the  importance  of  pene- 
trating as  deeply  as  possible  the  water-bearing  strata,  not  only  to 
utilize  a  greater  head,  but  to  take  advantage  of  the  fact  that  water 
may  approach  the  well  faster  under  the  same  head  when  it  can  move 
along  bedding  planes. 

It  is  very  clear  from  the  table,  in  spite  of  the  gradual  retardation  of 
flow  which  occurred  with  both  specimens  as  the  trials  were  repeated, 
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that  the  flow  increased  faster  than  the  i)ressure,  the  percentage  depar- 
ture in  general  increasing  in  both  cases  with  the  pressure.  It  will  be 
seen  that  at  a  i)ressure  of  1,104  cm.  of  water  the  percentage  departure 


Fig.  24.— hiccoiid  ai)i)aiatus  used  by  >«c\vcll  in  studying  tin;  How  of  waUr  aud 
oil  tlirou;;li  rock.  A,  A,  nioiintin;;  for  lioldiiig  satnplci;  15,  same  as  A,  natural 
size;  C,iiicr(Miry  flask  and  l)ottk)  for  varvin;^  pressure ;  I),  (la.sk  for  reliliiuii C. 


was  nearly  28  ])er  cent  where  the  flow  was  along  tiie  bedding  plane  and 
21)  per  cent  when  it  was  across  the  stratiti(;ation. 
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In  fig.  25  these  departures  are  clearly  shown  by  the  straight  and 
curved  lines  there  plotted. 

The  next  series  of  experiments  made  by  IsTewell  were  with  kerosene, 
the  apparatus  represented  and  described  in  fig.  24  being  used.  The 
rocks  through  which  the  flow  took  place  were  specimens  A3  and  A4  of 
Amherst  stone^  0.5  inch  thick.    Specimen  A3  w^as  cut  with  its  sur- 


FiG.  25. — Flow  of  water  through  Amherst  sandstone,  A5  and  A6.  Straight  lines  show  theoretical 
flow;  circles,  observed  flow.  Abscissas  indicate  pressure  in  centimeters,  ordinates  flow  in  cubic 
centimeters. 


faces  at  right  angles  to  the  stratification,  while  A4  was  cut  with  surfaces 
parallel  to  the  stratification.    Both  specimens  were  2  inches  in  diameter. 

The  pore  space  of  A3  was  determined  to  be  19.34  per  cent  and  that 
of  A4  18.98  per  cent.  The  oil  used  was  kerosene,  having  a  specific 
gravity  of  0.836.  Newell  states  that  tests  made  before  those  recorded 
in  the  following  table  showed  that  A3  was  more  permeable  than  A4, 
but  that  it  must  have  become  more  easily  clogged. 
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Table  showing  the  relation  of  pressure  to  flow  of  "kerosene  through  Amherst  sandstone. 


Pressure. 

Flow  along  bedding  plane  A3. 

Flow  across  bedding  plane  A4. 

Time. 

Mer- 
cury. 

"Water. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Min. 

Inches. 

Cm. 

C.c. 

O.c. 

C.c. 

Per  ct. 

C.c. 

C.c. 

C.c. 

Per  ct. 

3 

98.3 

13.9 

13.9 

0.  00 

13.4 

13.4 

0.00 

2 

6 

197.0 

26.9 

27.8 

—  .9 

3.237 

26.4 

26.8 

—  .4 

1.493 

9 

295.  5 

40.2 

41.7 

—  1.  5 

3.597 

41.4 

40.2 

+  1.2 

2.  985 

2 

12 

394.0 

52.0 

55.6 

-3.6 

6.  475 

56.0 

53.6 

+  2.4 

4.478 

15 

492.5 

64.2 

69.5 

—  5.3 

7.  626 

75.0 

67.0 

+  8.0 

11.94 

2 

18 

591.0 

71.2 

83.4 

—12.2 

14. 63 

81.4 

80.4 

+  1.0 

12.  44 

18 

591.0 

71.2 

69.6 

+  1.6 

2.  299 

81.4 

68.4 

+13.0 

19.  01 

2 

15 

492.5 

58.4 

58.0 

+  .4 

.690 

65.0 

57.0 

+  8.0 

14.  04 

12 

394.0 

45.4 

46.4 

—  1.0 

2.155 

50.0 

45.6 

+  4.4 

9.  649 

2 

9 

295.5 

33.9 

34.8 

—  .9 

2.  586 

36.2 

34.2 

+  2.0 

5.  848 

6 

197.0 

23.0 

23.2 

—  .2 

.862 

24.0 

22.8 

+  1.2 

5.  263 

2 

3 

98.5 

11.6 

11.6 

—  0.00 

0.  00 

11.4 

11.4 

0.  00 

0.00 

It  is  evident  from  this  table  that  when  the  kerosene  was  flowing 
through  the  rock  across  the  bedding  planes  the  rate  increased  more 


Fig.  26. — Flow  of  kerosene  tlirongli  Anilierst  .sandstone,  A3  and  A4.  Upper  straiglit  linos  hIiow  theo- 
retical flow,  first  half  of  experiment;  lower  straiglit  lines  for  second  half.  Circles  and  dot.s  show 
ob.served  flow  ;  nunibers  show  orderof  experiment.  Ab8(;i8sa3  indicate  ])ressure,  ordinates  measured 
from  thf'  scale  on  tlic  ri^lit  the  flow  in  the  case  of  A3,  and  from  tlio  scale  on  the  left  the  How  in  the 
case  of  A 4. 


ra])idly  tliaii  tlie  ])rossnre,  and  suHicieTitly  so  as  not  to  be  overcome 
by  tlie  clogging  of  the  stone,  whicli  was  in  progress.    On  tlie  other 
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hand,  where  the  lines  of  flow  were  i)arallel  with  the  bedding  planes  the 
flow  increased  less  rapidly  than  the  pressure,  and  this  was  even  true 
when  the  theoretical  flows  were  computed  from  the  last  low-pressure 
observation,  as  shown  in  the  lower  half  of  column  headed  ''Computed 
flow.'^    The  flows  are  plotted  in  fig.  26. 

Another  set  of  tests  were  made  with  these  same  specimens,  in  which 
Newell  used  "crude  pipe-line  oil"  having  a  specific  gravity  of  0.848,  and 
his  results  are  given  in  the  next  table. 

Table  shoiving  the  relation  of  pressure  to  flow  of  crude  pipe-line  oil  through  Amherst 

sandstone. 


Pressure. 

Flow  along  bedding  plane  A3. 

Flow  across  bedding  plane  A4. 

Time. 

Mer- 
cury. 

Water. 

Ob- 
served 
How. 

Com- 
puted 
flow. 

Departure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Min. 

Inches. 

Cm. 

C.c. 

C.c. 

C.c. 

Per  ct. 

C.c. 

C.c. 

C.c. 

Per  ct. 

1 

6 

197.0 

2.  23 

2.23 

0.  00 

0.  00 

4.50 

4.50 

0.00 

0.  00 

1 

9 

295.5 

3.13 

3.345 

—  .215 

6. 427 

6.13 

6.  75 

—  .62 

9. 185 

1 

12 

394.0 

4.10 

4.460 

—  .360 

8.  072 

8.  07 

9.  00 

—  .93 

10.  33 

1 

15 

492.5 

5. 10 

5.  575 

—  .475 

8.  52 

9.  60 

11.  25 

-1.  65 

14. 67 

1 

18 

591.0 

6.  70 

6.  69 

+  .010 

1.495 

11.37 

13.  50 

—2. 13 

15.  78 

1 

21 

689.5 

7.  50 

7.  805 

—  .305 

3.908 

14.20 

15.75 

—1.55 

9.  841 

1 

24 

788.0 

8.30 

8.92 

+  .62 

6.  951 

14.50 

18.  00 

+3.  50 

19.  44 

1 

24 

788.0 

8.  30 

4.00 

+4.30 

10. 75 

14.50 

10.  92 

+3.  58 

32.  77 

1 

21 

689.5 

6.  60 

3.50 

+  3. 10 

88. 57 

12.  60 

9.  555 

+3.045 

31.86 

1 

18 

591.0 

4.70 

3.  00 

+1.  70 

56.  67 

9.  90 

8. 19 

+  1.71 

20.  88 

1 

15 

492.5 

3.10 

2.50 

+  .60 

24.  GO 

7.80 

6.  825 

+  .975 

14.  28 

1 

12 

394.0 

2.  25 

2.  00 

+  .250 

12.  50 

5.  75 

5.  46 

+  .29 

5.311 

1 

9 

295.5 

1.50 

1.  50 

.00 

.00 

4.  20 

4.  095 

+  .105 

2.  565 

1 

6 

197.0 

1.00 

1.00 

.00 

.00 

2.  73 

2.  73 

0.  00 

0.00 

In  this  set  of  trials  the  results  are  not  decisive,  because  the  rate  of 
clogging  is  so  rapid  as  to  cover  any  tendency  of  the  flow  to  increase 
more  rapidly  than  the  pressure.  It  is  true,  however,  that  were  it  admis- 
sible to  average  the  two  observations  which  were  taken  under  the 
same  pressure,  in  most  cases  the  flow  would  appear  to  increase  more 
rapidly  than  the  pressure.    The  flows  are  jflotted  in  fig.  27. 

After  having  made  these  tests  with  oil  x^Tewell  again  returned  to  water, 
using  a  piece  (''K")  of  red  Triassic  sandstone  from  the  Connecticut  val- 
ley, which  is  largely  used  as  a  building  stone.  "The  specimen  was 
comparatively  fine  grained,  quite  uniform  in  size  of  particles,  and  showed 
no  stratification." 

The  stone  was  0.3  inch  thick,  2  inches  in  diameter,  and  had  a  pore 
space  of  13.10  i^er  cent. 

The  other  piece  used  ("B")  "was  a  yellow  friable  sandstone  from 
Bradford,  Pa.,  coming  from  one  of  the  sandstone  layers  in  the  conglomer- 
ate below  the  Olean.    It  contained  some  clay  and  grains  were  of  irregu- 
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lar  size,  well  rounded."  The  thickuess  of  the  specimen  was  0.54  inch; 
it  was  2  inches  in  diameter  and  had  a  pore  space  of  15.34  per  cent. 

I  I  I  I M  '  I  '  I  I  M  I  M  I  I  I  I  I  I  I M  I  I  I  I  [  I  1 1  I  I M  I  I  I  I ]  I  I  I  1 1 1 1  ir I 
200  ^oo  600  eoo  cm. 
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Fig.  27.— Flow  of  crude  pipe-line  oil  through  Aiiiherst  sandstone,  A3  and  A4.  Upper  straight  lines 
show  theoretical  liow,  first  half  of  experiment;  lower  straight  lines  for  second  half.  Circles  and  dots 
show  observed  flow ;  numbers  show  order  of  experiment.  Abscissas  indicate  pressure  and  ordinates 
flow. 


Newell  made  a  long  series  of  tests  with  these  two  stones,  frequently 
reversing  them  to  investigate  the  cause  of  clogging,  and  we  select  from 
his  table  the  results  of  a  number  of  tests  under  the  several  pressures 
used,  as  stated  in  the  column  "Number  of  trials."  These  we  have  aver- 
aged and  have  reduced  them  to  a  common  period  of  thirty  minutes. 


Tahle  showing  the  relation  of  pressure  to  Jlow  of  water  through  sandstone. 


Pressure. 

Triassic  sandstone  " 

K." 

Bradford  sandstone ' 

'B." 

Num- 
ber of 
trial. 

Time. 

Mer- 
cury. 

Water. 

Ob- 
served 
flow. 

Com- 
puted 
tiow. 

Departure. 

Ob- 
served 
tiow. 

Com- 
puted 
flow. 

Departure. 

Min. 

Inches. 

Cm. 

Cc. 

G.c. 

G.c. 

Per  ct. 

G.v. 

(  , ,-. 

<  \ ,-. 

Per  ct. 

5 

30 

6 

197 

10.1 

10. 1 

0.0 

0.0 

2.45 

2.  45 

0.0 

4 

30 

12 

394 

35.  625 

20.2 

15. 425 

76. 19 

5.863 

4.90 

.963 

19.65 

2 

30 

18 

591 

73.4 

30.3 

40.1 

132.  3 

13.4 

7.  35 

6.  05 

82.31 

13 



30 

24 

788 

67. 915 

40.4 

27.515 

C8. 12 

24. 18 

9. 80 

14.38 

146.7 
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Ill  these  cases  there  is  a  marked  tendency  for  the  flow  to  increase 
faster  than  the  pressure,  as  shown  in  fig.  28. 


Fig  .  28.— Diagram  showing  flow  of  water  through  red  Triassic  sandstone,  "B,"  and  Bradford  sandstone, 
"K."  Straight  lines  show  theoretical  flow;  dots  and  circles,  observed  flow.  The  upper  section 
shows  results  after  grinding  down.    Abscissas  indicate  pressure  and  ordinates  flow. 

The  two  specimens  were  then  ground  down  so  as  to  give  new  and 
clean  faces  for  the  water  to  enter,  and  distilled  water  was  used.  '^K" 
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was  ground  down  to  a  thickness  of  0.25  inch  and  B  "  to  0.5  inch.  These 
are  his  results  comi^uted  to  thirty  minutes  from  the  first  nineteen  trials, 
when  the  pressures  were  increased  step  by  step.  The  measurements 
under  the  low  pressure  were  made  first  and  the  stones  were  frequently 
reversed,  so  that  the  flow  took  place  first  in  one  and  then  in  the  oppo- 
site direction. 


Table  showing  the  relation  of  floiv  to  pressure  in  sandstone  after  hoth  faces  had  heen 

ground  down. 


Num- 
ber of 
trials. 

Time. 

Pressure — 

Specimen  K. 

Specimen  B. 

Of 
mer- 
cury. 

Of 
water. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Departure. 

Cubic 
centime- 
ters. 

Per 
cent. 

Cubic 
centi- 
meters. 

Per 
cent. 

Min. 

Inches. 

Cm. 

G.c. 

C.c. 

C.  c. 

C.  c. 

2 

30 

6 

197 

65.0 

65.0 

00 

00 

11.0 

11.0 

00 

2 

30 

12 

394 

98.0 

130.0 

—  32 

24.  62 

13.5 

22.0 

8.5 

38.  64 

2 

30 

18 

591 

127. 25 

195.0 

—  67.  75 

34.  64 

17.  25 

33.0 

15. 75 

47.  73 

3 

30 

24 

788 

146.5 

260.0 

—113.5 

43.65 

19.  25 

44.0 

24.  75 

56.  25 

2 

30 

30 

935 

169.3 

325.0 

—155.7 

47.91 

38.5 

55.0 

16.5 

30.  00 

2 

30 

36 

1,182 

192.  25 

390.0 

—197. 75 

50. 72 

52.  75 

66.0 

13.25 

20.  08 

2 

30 

48 

1,  576 

322.8 

520.0 

—197.  2 

37. 92 

94.5 

88.0 

6.5 

7.  386 

2 

30 

60 

1,970 

316.5 

050.  0 

—333.  5 

51.  31 

141. 75 

110.0 

31.75 

28.  86 

2 

30 

72 

2,  364 

321. 75 

780.0 

—458.  25 

58. 76 

153.0 

132.0 

21.0 

15.91 

In  this  case  the  flows  have  been  quite  irregular,  and  the  relations  of 
flow  to  pressure  are  also  quite  different  from  what  they  were  before  the 
surfaces  were  ground  down.  It  will  be  noticed  that  the  grinding  of 
specimen  K  resulted  in  increasing  the  flow  through  it  much  more  than 
could  be  expected  from  the  making  of  the  specimen  thinner,  and  it  may 
be  that  the  departure  from  the  law  of  capillary  flow  in  this  case  may  be 
partly  explained  by  the  higher  velocity  with  which  the  water  was  forced 
to  traverse  the  stone. 

In  the  case  of  specimen  B  there  was  an  increase  of  flow  following 
the  grinding  from  2.4  c.  c.  per  thirty  minutes  to  11  c.  c.  in  the  same  time, 
and  wliile  this  higher  rate  was  maintained  the  flow  did  not  increase  as 
rapidly  as  tlie  pressure  did;  but  when  the  rate  of  flow  fell  back  to  what 
it  had  formerly  been  the  discharge  again  began  to  increase  faster  than 
the  pressure,  as  it  did  in  the  first  series  of  trials.  Fig.  28  shows  these 
results  in  graphic  form. 

Finally,  Newell  made  a  series  of  measurements  of  flow  through  a 
piece  ^'of  fine,  rather  hard  Italian  marble  2  inclies  in  diameter  and 
0.25  incli  thick.''  The  i)ore  space  of  this  stone  was  found  to  be  only 
0.02  per  cent.  For  the  lirst  six  trials,  given  in  the  table  below,  the 
hydrant  pressure  with  city  water  was  used,  but  for  the  last  three  dis- 
tilled water  with  a  constant  pressure  was  again  resorted  to. 
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Table  sJioiving  the  relation  of  pressure  to  floiv  of  water  tJirougli  Italian  viarhle. 


dumber 
of  trials. 

Time. 

Pressure. 

Hydrant  water. 

IVIercury. 

"Water. 

Observed 
iiow. 

Com- 
puted 
flow. 

Minutes. 

Inches. 

Cm. 

C.c. 

C.c. 

1 

30 

60 

1,  970 

1.  29 

1.  29 

1 

30 

72 

2,  364 

1.  68 

1.648 

1 

30 

84 

2,  758 

1.  995 

1.806 

1 

30 

60 

1,  970 

1.52 

1.52 

1 

30 

72 

2,  364 

1.80 

1.824 

1 

30 

84 

2,  758 

2.  01 

2. 128 

Distilled  water. 


Observed 
flow. 


C.c. 
1.50 
2. 13 


1.  26 


Com- 
puted 
flow. 


C.c. 
1.50 
2. 10 


In  these  trials  the  figures  show  that  with  the  hydrant  water  the  first 
set  of  trials  gave  a  flow  increasing  faster  than  the  pressure,  and  the 
second  set  of  trials  gave  a  flow  slightly  decreasing  with  the  pressure, 
while  with  the  distilled  water  the  flow  increased  a  little  faster  than  the 
pressure.  If  we  make  a  general  average  of  the  three  sets  of  trials, 
computed  to  a  thirty- minute  flow,  we  shall  have  the  following  results, 
shown  also  in  fig.  29 : 

Table  showing  the  percentage  departure  of  observed  from  computed  Jlow  of  water  through 

Italian  marble. 


Pressure. 

Time. 

Mean  ob- 
served flow. 

Mean  com- 
puted flow. 

Departure. 

Cm. 

Minutes. 

C.c. 

C.c. 

Per  cent. 

1,  970 

30 

1.  3925 

1,  3925 

0. 00 

2,  364 

30 

1.87 

1.671 

11.64 

2,  758 

30 

2. 0025 

1.  9495 

2.  718 

-  2  ec. 

'  NEWELL 

O 

—  1  cc. 

1000  cm 

zooo 

3000  cm. 

till 

1  1  1  1  1 

1   1   1  1 

1  1  1  1  1 

1  (  1  1 

1  1  1  1  1  1  1  1  1  1 

Fig.  29.— Diagram  showing  relation  of  pressure  to  flow  of  Avater  through  fine  Italian  marble. 
Straight  lines  show  theoretical  flow;  circles,  observed  flow.  Abscissas  indicate  pressure  and  ordi- 
nates  flow. 
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It  appears,  therefore,  from  the  data  here  i)reseute(l  from  Kewell's 
paper,  that  in  the  majority  of  cases  the  flow  has  increased  somewhat 
more  rapidly  than  the  pressure.  Indeed,  of  the  154  trials  included  iu 
the  tables  constructed  from  his  data  104  show  a  flow  increasing  faster 
than  the  pressure,  while  50  show  the  reverse  relation,  and  24  of  these 
50  cases  occur  in  the  table  of  flows  for  specimens  K  and  B  after  they 
had  been  ground  down  and  placed  under  higher  x)ressure  heads — con- 
ditions which  are  known  to  establish  similar  relations  of  flow  to  pres- . 
sure  in  capillary  tubes  which  are  relatively  short,  or  where  the  pressures 
are  high  in  proportion  to  diameter  or  length  of  tube  through  which  the 
flow  is  taking  place. 

FLOW  OF  WATER  THROUGH  OTHER  SANDSTONKS. 

In  the  present  study  of  the  relation  of  pressure  to  flow  of  water 
through  sandstone  longer  sections  have  been  used  than  those  giving 
^N^ewell's  data,  and,  this  being  true,  Avhere  other  conditions  are  the  same 
the  percentage  efl'ect  of  clogging  would  be  relatively  smaller  so  far  as 
clogging  is  a  change  which  occurs  near  the  surface  of  the  siiecimen 
under  examination.  The  apparatus  used  in  this  work  consisted  of  a 
brass  cylinder  2  inches  inside  diameter,  in  which  was  cemented  the 
specimen  through  which  the  flow  was  to  be  measured  (see  fig.  30). 
Sulphur  was  at  first  used  as  a  cementing  material;  but  it  was  soon 
found  that  changes  in  temperature  resulted  iu  checking  the  sulphur  to 
such  an  extent  as  to  permit  a  slight  flow  through  it,  and  sealing  wax 
was  substituted. 

The  method  of  cementing  a  cylinder  of  stone  in  place  was  as  follows: 
One  end  of  the  brass  cylinder  was  first  closed  by  means  of  a  brass 
disk  covered  with  a  lining  of  paper,  both  being  held  in  place  by  coupling 
on  another  section,  thus  clamping  the  two  rigidly  between  the  shoulders 
of  the  two  sections  of  brass  tube.  The  lower  end  of  the  section  of 
stone  was  then  covered  with  a  disk  of  close,  thick  felt  and  placed  so  as 
to  rest  upon  the  center  of  the  brass  disk  referred  to.  A  similar  disk 
of  felt  was  then  placed  upon  the  top  of  the  stone  and  covered  with  a 
brass  washer.  The  disks  of  felt  Avere  then  i)ressed  firmly  upon  the 
stone  by  means  of  a  lever  i)ress,  and  alter  the  brass  cylinder  had  been 
heated  melted  sealing  wax  was  poured  into  the  cylinder  around  the 
stone.  The  object  of  the  disks  of  felt  was  to  i)revent  the  cementing 
material  from  coming  in  contact  with  the  ends  of  the  stone,  and  they 
were  removed  when  the  sealing  wax  was  cool. 

Brass  tubing  was  used  instead  of  iron,  l)ecause  it  was  found  tha't  iron 
(juickly  rusted  and  (caused  a  dei)()sit  upon  the  face  of  the  stone  which 
clogged  the  pores  and  interfered  with  the  results.  The  (low  of  water 
through  the  several  samples  was  measured  during  considerable  inter- 
vals of  time,  without  in  any  way  altering  the  (conditions,  use  being 
made  of  clear  well  water  stored  in  a  lead  lined  tank,  coated  on  the 
inside  with  a  black  acid  and  waterproof  paint. 
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In  order  to  guard  further  against  sediment  in  the  water,  which  might 
come  from  rusting  at  the  ends  or  side  of  the  water  pipe,  there  was 
inserted  a  filter  6  inches  in  diameter  and  14  inches  long,  which  was 
filled  with  the  best  cotton  batting  cut  into  disks  closely  fitting  the 


Fig.  30. — Apparatus  used  to  measure  the  flo-w  of  water  through  rock.   A,  sataple  and  holder;  B, 
water  chamber ;  D,  filter ;  E,  supply  pipe ;  G,  H,  mercury  gage ;  I,  reservoir ;  J,  K,  water  gages. 

tube.  These  disks  were  thoroughly  wet  before  being  put  in  place  and 
4  pounds  of  dry  cotton  were  required  to  make  the  filter. 

The  inside  of  the  filter  wall  and  the  faces  of  the  flanges  were  thor- 
oughly protected  with  acid  and  waterproof  xoaint  before  the  cotton  was 
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introduced.  All  fittings  used  were  of  brass,  and  the  specimen  under 
examination  in  its  jacket  was  connected  directly  to  the  filter,  as  repre- 
sented in  fig.  30,  D. 

Most  of  the  pressures  were  measured  with  a  mercury  gage,  repre- 
sented in  the  figure  at  G,  H,  where  the  readings  were  made  by  means 
of  verniers  to  thousandths  of  a  foot,  the  vernier  disks  being  provided 
with  mirrors  to  insure  the  proper  position  of  the  eye  in  reading  the 
pressures. 

In  some  of  the  work  the  two  check-gages  shown  in  the  figure,  J,  K, 
were  used,  which  gave  a  direct  vertical  column  of  water  from  the  pres- 
sure gage.  The  temi^erature  of  the  water  was  measured  in  the  col- 
lecting beaker  as  it  was  discharged. 

The  first  sample  experimented  upon  in  the  brass  percolator  tube  was 
a  i)iece  of  Dunnville  sandstone,  No.  2,  from  the  Potsdam  horizon  in 
Dunn  County,  Wisconsin.  This  rock  is  used  for  building  i)urposes  to 
some  extent  and  works  easily.  It  contains  many  mica  grains  and  some 
clay.  The  sample  had  a  length  of  5.1  cm.,  a  diameter  of  4.02  cm.,  and 
a  volume  measured  by  displacement  under  mercury  of  65  c.  c.  Its  pore 
space  was  29.40  per  cent  as  computed  from  its  dry  weight,  120  grams, 
and  its  specific  gravity  was  2.6162,  determined  by  crushing  the  sample 
after  the  experiments  and  finding  the  specific  gravity  of  the  sand  after 
boiling  in  water  to  exi)el  all  air.  The  effective  size  of  the  sand  grains 
was  0.03635  mm.,  as  determined  after  crushing,  but  as  indicated  by 
measurements  of  the  stone  itself  it  was  0.04912  mm.  The  grains  of 
the  crushed  stone  are  shown  in  natural  size  in  PI.  VII. 

When  the  sample  was  first  connected  with  the  filter  the  flow  was 
3,230.4  grams  during  the  first  150  minutes,  but  at  the  end  of  23  hours 
and  55  minutes  continuous  run  it  had  increased  to  4,856  grams  under  a 
pressure  of  2.549  feet  of  mercury  at  a  temperature  of  19.2^  C,  and  at  the 
exjjiration  of  this  time  the  pressures  were  varied  and  the  results  given 
in  the  table  below  were  obtained.  The  method  used  to  secure  different 
pressures  was  to  partly  close  the  stopcock  leading  to  the  filter  and  then 
to  open  the  small  cock  (0,  fig.  30)  the  amount  required  to  give  the 
pressure  desired. 


Table  showing  the  relation  of  Jlotv  to  pressure  in  Dunnville  sandstone,  No.  2. 


Order  of 
experi- 
ment. 

Pressure — 

Flow  of  water — 

Tempera- 
ture. 

Of  Tiier- 
cury. 

Of 
water. 

At  ob- 
served 
tempera- 
ture. 

At  15^  C. 

Com- 
puted. 

Depar- 
ture. 

Time  of 
How. 

°  0. 

Feet. 

Cm. 

Grams. 

Grams. 

Grams. 

Per  cent. 

Min. 

1 

19.2 

2.549 

1,  055.  0 

485.  6 

438.8 

284.5 

54.2 

15 

4 

11.5 

1.6992 

697.0 

231.0 

255.  3 

187.9 

35.8 

15 

3 

14.6 

1. 3818 

566.  9 

182.4 

182.4 

152.9 

19.2 

15 

2 

16.1 

.7226 

296.4 

71.0 

69. 13 

79.  93 

—1.3 

15 

5 

13.3 

.276 

113.2 

2!l.  0 

30.  53 

30.  53 

0.0 

15 
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It  is  here  seen  that  in  all  cases  except  one  the  observed  flow  when 
computed  to  a  temperature  of  15°  0.  increases  much  faster  than  the 
pressure. 

With  another  sample  of  the  Dunnville  stone  (No,  1),  having  a  length 
of  4.02  inches  and  a  diameter  of  1.59  inches,  or  4.02  cm.,  a  longer  series 
of  measurements  of  flow  was  made,  but  not  until  water  had  been 
allowed  to  run  through  the  specimen  on  several  occasions  for  consider- 
able lengths  of  time. 

In  the  first  set  of  trials  referred  to,  the  flow  increased  from  164.4 
grams  at  the  beginning  to  192.7  grams  at  the  close,  after  six  hours.  In  a 
second  set  of  trials  the  flow  started  at  159.8  grams  and  closed  at  206.2 
grams.  At  still  another  it  started  at  193  grams  and  closed  at  236.8 
grams;  all  under  a  pressure  of  about  2.557  feet  of  mercury.  These 
statements  give  a  fair  idea  of  the  persistency  of  the  flow  under  like 
conditions  and  i)rove  that  the  water  reaching  the  specimen  was  so  clear 
as  not  to  materially  clog  the  stone.  Before  the  data  in  the  following 
table  were  taken  there  had  probably  been  the  equivalent  of  forty-eight 
hours'  continuous  flow  through  the  specimen. 


Table  showing  the  relation  of  ijressure  to  flow  in  Dunnville  sandstone  No.  1. 


Order 

of 
trial. 

Tempera- 
ture of 
water. 

Pressure 
of 

mercury. 

Time 

of 
flow. 

Observed 
flow. 

Flow. 

Departure  from  law 
of  Poiseuille. 

Com- 
puted to 
15°  C. 

Com- 
])ute(] 
from  low 
prtssiire. 

Grams. 

Per  ceut. 

0  6'. 

Feet. 

Min. 

Grams. 

Grams. 

Grams. 

6 

18.9 

2.492 

15 

176.7 

159.  6 

117.0 

42.6 

36.4 

33 

16. 1 

2.  457 

15 

186.7 

186.0 

115.  3 

70.7 

61.3 

34 

16.0 

2.  457 

15 

211.6 

210.8 

115.  3 

95.5 

82.8 

35 

16.0 

2.  457 

15 

215.2 

214.4 

115.3 

99.1 

85.9 

7 

18.9 

2.  3885 

15 

179.6 

162.3 

112. 1 

50.2 

44.7 

10 

18.2 

2.298 

15 

176.8 

164.4 

107.8 

56.6 

52.5 

11 

17.5 

2. 198 

15 

159.6 

150.5 

103.  2 

47.3 

45.8 

14 

18.1 

2. 121 

15 

159.5 

148.3 

99.55 

48.75 

48.9 

•  15 

17.8 

2.014 

15 

153.2 

142.4 

94.  53 

47. 87 

50.6 

18 

18.0 

1.921 

15 

142.7 

132.7 

90. 16 

42.  54 

47.1 

22 

17.0 

1.727 

15 

121.0 

115.7 

81.06 

34.  64 

42.7 

23 

16.8 

1.633 

15 

117.3 

112.2 

76.64 

35. 56 

46.3 

26 

16.6 

1.549 

15 

107.6 

103.8 

72.  70 

31.1 

42.7 

27 

16.7 

1.459 

15 

98.2 

94.  75 

68.48 

26.  27 

38.  3. 

30 

16.3 

1.  378 

15 

94.1 

90.  80 

51.37 

39.  43 

36.7 

31 

16.2 

1.281 

15 

87.2 

86.88 

60. 12 

26.66 

44.3 

32 

16.2 

1.191 

15 

80.3 

80.01 

55.90 

24.11 

43.1 

29 

16.4 

1.109 

15 

73. 1 

70.  53 

52.05 

17.48 

33.5 

28 

16.5 

1.020 

15 

67.3 

64.94 

47.87 

17. 07 

35.6 

1 
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Table  showing  the  relation  of  pressure  to  flow  in  Dunnville  sandstone  No.  1 — Continued, 


Order 

of 
trial. 

Tempera- 
ture of 
water. 

Pressure 
of 

mercury. 

Time 

of 
flow. 

Observed 
flow. 

Flow. 

Departure  from  law 
of  Poiseuille. 

Com- 
puted to 
15°  C. 

puted 
froiu  low 
pressure. 

Grams. 

Per  cent. 

0(7. 

Feet. 

J/in. 

Grams. 

Grams. 

Grams. 

25 

16.7 

.945 

15 

59.2 

57.12 

44.35 

12.  77 

28.7 

4 

16.7 

.8415 

15 

51.2 

49.  40 

39. 50 

9.90 

25.0 

21 

17.  2 

.  773 

15 

45.  8 

43.79 

36.  28 

7.51 

20.7 

20 

17.3 

.6965 

15 

43.5 

41.02 

32.69 

8.33 

25.4 

17 

17.9 

.6235 

15 

36. 1 

33. 57 

29.26 

4.31 

14.7 

16 

17.9 

.532 

15 

32.2 

29.94 

24.  97 

4.  97 

19.9 

13 

18.0 

.471 

15 

26.0 

24. 12 

22. 11 

2.01 

9.0 

12 

17.7 

.3755 

15 

22.0 

20.75 

17.62 

3. 13 

17.7 

9 

18.4 

.313 

15 

13.8 

12.  65 

14. 69 

—2.04 

—13.8 

8 

18.6 

.2035 

15 

9.4 

8. 617 

9. 551 

—  .934 

—  9.7 

In  this  case  the  table  shows  a  large  increase  of  flow  with  increased 
pressure,  and  no  exceptions  apart  from  those  at  the  lowest  jiressure,  and 
which  are  in  part  due  to  the  fact  that  in  selecting  a  standard  for  com- 
puting the  flows  from  the  pressures  the  mean  of  the  last  four  flows  and 
their  x)ressures  were  taken  in  order  to  have  a  smaller  probable  error  in 
this  quantity. 

Work  was  next  done  with  a  set  of  two  cylinders  cut  from  the  Madi- 
son horizon  of  the  Potsdam  sandstone  Ko.  2,  having  a  length  of  7.78 
cm.,  or  3.0G  inches,  and  a  diameter  of  3.83  cm.,  or  1.52  inches,  with  a 
volume  of  87  c.  c.  as  measured  under  mercury. 

Sample  No.  3  had  a  length  of  4.08  cm.,  or  1.71  inches,  and  a  diameter 
of  3.GG  cm.,  or  1.44  inches,  with  a  volume  measured  under  mercury  of 
42  c.  c.  Both  cylinders  were  cut  with  their  faces  parallel  to  the  bedding 
plane. 

Like  the  flrst  sample  of  Madison  stone  experimented  with,  the  rock 
is  of  a  very  loose,  friable  nature;  its  grains  easily  fret  off'  under  the  lin- 
gers, and  it  can  not  be  used  for  structural  purposes  of  any  sort.  It  is 
a  quite  pure  quartz  sand,  with  well-rounded  grains,  only  slightly  stained 
with  iron  oxide,  and  the  crushed  grains  are  shown  in  D.  AMI,  over 
"Madison  (juarry." 

In  conducting  these  trials  the  flow  lias  been  measured  l)y  system- 
atically changing  the  pressure,  flrst  from  high  to  low  and  then  Irom 
low  to  high,  usually  by  steps  as  close  to  0.0 1  foot  of  mercury  as  could 
be  readily  secured  with  the  gage,  and  these  results,  arranged  in  tabular 
form,  apppear  in  the  following  tables: 


11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

'le  i 

'  of 
1. 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
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relation  of  pressure  to  flow  of  ivater  through  Madison  sandstone  No. 


Time, 


Minutes. 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 


Tempera- 
ture. 


13.5 
13.5 
14.0 
14.0 
14.3 
14.3 
14.4 
15.0 
15.1 
15.2 
14.2 
14.2 
14.1 
14.0 
13.8 
13.7 
13.6 
13.5 


Pressure  of 
mercurv. 


Feet. 
1. 8365 

.306 
1.731 

.386 
1.645 

.457 
1.548 

.532 
1.453 

.605 
1.362 

.681 
1.270 

.757 
1.184 

.838 
1. 0925 

.9185 


Observed 
flow. 


Grams. 
705.0 

80.5 
645.9 

98.3 
586.6 
115. 1 
536.1 
136.9 
486.0 
156.6 
443.9 
183.6 
396.8 
202.6 
359.5 
231.2 
324.7 
256.0 


Computed 
flow. 

Percentage 
departure. 

Grams. 

117.4 

31.4 

143.8 

37.1 

163.0 

29.3 

183.4 

25.3 

202.4 

22.6 

221.9 

17.2 

236.5 

14.3 

254.5 

9.1 

272.9 

6.1 

wing  the  relation  of  flow  to  xwessure  in  Madison  sandstone  No.  3. 


Time. 


Minutes. 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 


Tempera- 
ture. 


o  C. 
14.0 
14.0 
14.0 
14.0 
14.3 
14.3 
15.2 
15.4 
16.0 
15.4 
15.4 
15.4 
15.5 
15.4 
14.2 
14.5 


Pressure  of 
mercury. 


Feet. 
2. 157 

.119 
1.964 

.192 
1.  866 

.253 
1.767 

.342 
1.661 

.403 
1. 575 

.479 
1.476 

.553 
1.394 

.680 


Observed 
flow. 


Grams. 

1,  642.  6 
49.0 

1,581.2 
99.6 

1,  439.  6 
121.1 

1,  318.  4 
132.2 

1, 176.  6 
186.3 

1,  077.  6 
220.2 
964.0 
248.0 
897.6 
300.5 


Computed 
flow. 

Percentage 
departure. 

Grams. 

90.  59 

45.9 

122.  76 

27. 1 

195. 24 

37.9 

255. 10 

48.1 

285.  44 

34.7 

329.  73 

33.2 

361. 16 

31.3 

437.  85 

31.3 
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Table  shotving  the  relation  of  flow  to  pressure  in  Madison  sandstone  No.  3 — Continued. 


Order  of 
trial. 


19 
20 
21 

22 
23 
24 
25 
26 


Time. 


Minutes. 
10 
10 
10 
10 
10 
10 
10 
10 


Tempera- 
ture. 


°C. 

14.4 

14.3 

14.2 

14.3 

14.3 

14.2 

14.0 

14.0 


Pressure  of 
mercury. 


Feet. 
1.  298 

.710 
1. 203 

.789 
1. 121 

.870 
1.043 

.955 


Observed 
flow. 


Grams. 
820.4 
322.  2 
728.0 
393.2 
645.6 
462.0 
577.4 
515.8 


Computed 
flow. 


Grams. 


447. 73 


477.  42 


500.  51 
528.  21 


Percentage 
deiiarture. 


28.0 


17.6 


16.1 
2.3 


In  these  tables  we  have  computed  each  lower  flow  from  the  higher 
flow  which  immediately  preceded  it,  in  order  to  reduce  the  disturb- 
ing element  which  results  from  the  progressive  changes  to  as  small  a 
value  as  possible.  As  the  probable  errors  of  observation  necessarily 
appear  in  larger  i)ercentages  where  the  quantities  measured  are  small, 
it  has  seemed  best  to  use  the  flow  under  the  highest  pressure  as 
the  basis  for  the  values  in  the  column  of  computed  flows  j  but  this, 
of  course,  makes  the  computed  flows  larger  than  the  observed  flows, 
instead  of  smaller,  as  would  be  the  case  were  the  plan  before  used  still 
followed. 

In  these  cases  there  is  no  exception  to  the  flow  increasing  faster  than 
the  pressure,  and  the  percentage  departures  are  large,  ranging  from 
31.4  to  6.1  in  the  first  to  48.1  to  2.3  in  the  second. 

The  results  obtained  with  the  second  specimen  of  Madison  sandstone 
are  given  in  the  preceding  table.  At  the  close  of  the  series  given  in 
this  table  the  higher  pressures  used  in  the  first  part  of  the  table  were 
resumed  in  order  to  note  what  progressive  change  may  have  taken 
place,  and  it  was  found  that  the  mean  flow  of  trials  3  and  5  compared 
with  trials  27  and  28  gave  1,011.9  grams  for  the  former  and  1,011.0  for 
the  latter,  witli  the  temperature  in  the  former  trials  of  14^  C.  and  in  the 
latter  of  17.2o,  while  the  mean  pressure  for  the  earlier  trials  was  2.001 
feet  and  in  the  latter  2.11  feet  of  mercury. 

It  appears,  therefore,  that  there  must  have  been  a  small  decrease 
of  flow  during  the  experiment,  which  would  teud  to  make  the  per- 
centage departures  appear  a  little  larger  than  they  really  are;  but 
here  again  there  can  be  no  doubt  that  the  How  has  increased  faster 
than  the  pressure. 

After  these  two  trials  had  been  made  witli  tlie  separate  sections  of 
the  Madison  sandstone,  they  were  then  coupled  together  and  tlie  How 
was  measured  through  th(3  two  pieces  at  the  same  time,  thus  giving 
practically  a  third  sample  having  a  length  e([Ual  to  tlie  sum  of  the 


142 


MOVEMENTS  OF  GROUND  WATER. 


two,  11.86  cm.  or  4.77  inches,  and  the  results  obtained  are  given  in  the 
table  which  follows : 

Table  showing  the  relation  of  flow  to  pressure  in  the  two  Madison  sandstones,  Noa.  2  and  3, 

coupled  together. 


Osd^  of 
trial. 


29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 


Time. 


Minutes. 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 


Tempera- 
ture. 


°  C. 
18.5 


17.9 


17.8 


16.4 


16.3 


15.9 


Pressure  of 
mercury. 


15.2 
15.1 
15.0 
15.0 


Feet. 
2.425 

.058 
2.344 

.192 
2.  2585 

.269 
2. 179 

.346 
2.083 

.420 
1.989 

.481 
2.446 
2.446 
2.  446 
2.446 


Observed 
How. 


Grams., 
661.4 
6.6 
618.6 

33.8 
572.6 

53.5 
527.4 

67.6 
497.0 

82.2 
463.8 

95.6 
597.  8 
606.6 
615.6 
619.2 


Computed  Percentage 
flow.  departure. 

Grams. 
15.82 

58.3 

50.  67          33. 2 

67.14 

20.3 

83.  73 

19.2 

100.  21 

17.9 

112.  07 

14.6 

j 

In  this  case,  as  in  the  others,  the  flow  increases  faster  than  the  pres- 
sure, and  in  a  manner  equally  as  marked.  The  last  four  measurements 
of  flow  taken  under  x)ressure  of  2.446  feet  give  a  mean  flow  of  609.8  grams, 
while  the  flow  in  trial  29,  corrected  to  the  temperature  and  j)ressure  of 
the  last  four  trials,  is  611.5  grams,  showing  that  the  flow  has  remained 
nearly  constant. 

If  now  we  use  the  flows  under  the  highest  pressures  in  the  last  three 
tables  as  a  basis  for  computing  the  flows  under  all  of  the  other  x^res- 
sures  we  shall  have  the  results  appearing  in  the  table  which  follows. 
In  this  table  the  flows  have  been  reduced  to  a  temperature  of  15°  G. 
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Table  showing  the  relation  of  flow  io  pressure  in  cylinders  of  Madison  sandstones  where  the 
computed  flows  are  all  derived  from  the  highest  pressure. 


Madison  sandstone  No.  2. 


Madison  sandstone  No.  3. 


Time 
of  flow. 

Pressure, 
mercury. 

Ob- 

served 
flow  at 

150  c. 

Com- 
puted 
flow  at 

150  C. 

Pressure, 
mercury. 

Ob- 
i^erved 
flow  at 

150  c. 

Com- 
puted 
flow  at 

150  C. 

Min. 



Feet. 

Grams. 

Grams. 

Feet. 

Grams. 

 — 

Grams. 

10 

1. 8365 

732.8 

732.8 

2. 157 

1,  686.  0 

1,  686.  0 

10 

1.731 

662.9 

690.  67 

1.964 

1,623.0 

1,535.26 

10 

1.  645 

594.3 

656.  36 

1.866 

1 , 459. 0 

1,  458.  65 

10 

1.548 

543.  2 

617. 65 

1.767 

1,318.4 

1,  382.  26 

10 

1.453 

486.0 

579.  75 

1.666 

1,173.^ 

1,  302.  31 

10 

1.362 

455.6 

543.  44 

1.  575 

1,  076.  0 

1,231.18 

10 

1.270 

407.2 

506. 73 

1.476 

962.3 

1, 153.  79 

10 

1. 184 

369.0 

472. 42 

1.  394 

921.2 

1,  089.  69 

10 

1.0925 

335.3 

435. 91 

1.298 

831.2 

1,014.65 

10 

.P185 

264.  4 

366.  48 

1.203 

747.2 

940. 39 

.  ooo 

1  191 

004.  i 

0/0.  ilU 

10 

.757 

207.9 

302. 04 

1.043 

592.6 

815.  31 

10 

.681 

188.4 

271. 72 

.955 

529.4 

746. 52 

10 

.605 

156.6 

241. 39 

.870 

474.2 

680. 08 

10 

.532 

136.9 

212.27 

.789 

398.4 

616.  76 

10 

.457 

116.6 

182. 34 

.710 

326.4 

555.  01 

10 

.386 

100.9 

154. 01 

.680 

304.5 

531. 56 

10 

.306 

83.67 

122. 09 

.553 

247.6 

432. 28 

]0 

.479 

219.8 

374.  43 

10 
10 
10 
10 
10 

.403 
.342 
.253 
.192 
.119 

186.0 
132.0 
122.7 
102.2 
50. 29 

315.  03 
267.  34 
198. 77 
150. 09 
93.  02 

Madison  sandstone 
Nos.  2-3. 

Pres- 
sure, 
mer- 
cury. 

Ob- 
served 
flow  at 
15°  C. 

Com- 
puted 
flow  at 

150  c. 

Feet. 

Grams. 

Grams. 

2.425 

606.  3 

006.3 

2.344 

575.1 

586. 00 

2. 2585 

532.4 

564.  63 

2. 179 

508.9 

544. 75 

2.  083 

479.6 

520.  75 

1.989 

462.1 

497. 25 

.481 

95.  25 

120. 25 

.420 

81.90 

105. 00 

.346 

65.  23 

86.  50 

.269 

49.  75 

67.  25 

.192 

31.43 

48.00 

.058 

6.  05 

14.  50 

With  this  method  of  presenting  the  data,  there  is  also  shown  a  very 
persistent  and  strong  increase  of  flow  over  what  woukl  be  required  by 
the  Poiseuilleian  law  as  the  pressure  is  increased.  The  results  of  this 
table  are  plotted  in  fig.  31. 

In  Ol  der  to  make  sure  that  there  could  be  nothing  in  the  reading  of 
the  pressures  which  brought  about  this  seeming  contradiction  of  the 
law,  and  in  order  that  tlie  pressures  might  be  read  more  closely,  there 
Avas  substituted  for  the  mercury  gage  represented  in  fig.  30  a  water 
gage,  also  shown  in  the  same  figure.  This  gage  consisted  of  a  straight 
glass  tube  rising  directly  above  the  cylinder  carrying  tlie  section  of 
stone  through  which  the  water  was  flowing,  and  the  ])ressures  were 
read  l)y  means  of  a  target  rod,  reading  by  vernier  to  a  tliousandth  of  a 
foot.  Tlie  target  was  provided  witli  a  mirror  to  secure  the  correct 
position  of  the  eye  in  taking  the  readings. 

In  tlievse  trials,  as  in  tho.se  Just  recorded,  the  flows  were  measured 
under  first  a  high  and  then  a  low  pressure  in  oidcr  to  eliminate,  as  far 
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as  possible,  the  effect  of  auy  progressive  changes  which  might  occur, 
and  the  results  are  recorded  in  the  next  table : 

Tahle  showing  the  relation  of  flow  to  pressure  in  cylinder  of  Madison  sandstone  No.  2 
tvhere  pressures  are  measured  with  water  gage. 


trial. 

Time. 

Teinperci- 
ture. 

PrBssTir©  of 
water. 

Observed 
flow. 

CoEo  puted 
flow. 

Percentage 
departure. 

Minutes. 

o  C. 

Feet. 

Grams. 

Grams. 

1 

10 

15.2 

4.0 

68.6 

68.6 

0.  00 

3 

10 

16.1 

3.9 

66.9 

66.9 

0.  00 

5 

10 

16.3 

3.8 

63.4 

65.17 

2.  72 

7 

10 

16.4 

3.7 

60.5 

63. 45 

4.  65 

9 

10 

16.4 

3.6 

54.  7 

61.  74 

11.40 

10 

10 

16.4 

1.1 

13.3 

18.86 

29.  49 

8 

10 

16.4 

1.0 

13.3 

17. 15 

22.45 

6 

10 

16.3 

.9 

12.5 

15.43 

18.99 

4 

10 

16. 1 

.8 

11.5 

13.72 

16. 18 

2 

10 

15.2 

.7 

10.0 

12.  00 

16. 67 

Fig.  31. — Diagram  showing  relation  of  flow  to  pressure  through  Madison  sandstone  E"os.  2  and  3- 
Straight  lines  2,  3,  and  2+3  show  theoretical  flow  for  samples  2  and  3  separate  and  2+3  coupled 
together;  circles  and  dots  show  observed  flow.   Abscissas  indicate  pressure  and  ordinates  flow. 


It  is  thus  seen  that  even  with  these  comparatively  low  pressures, 
differing  one  from  another  by  as  little  as  one-tenth  of  a  foot  of  water, 
there  still  remains  the  same  increase  of  flow  more  rapid  than  the 
pressure. 
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Both  i)ieces  of  stone  were  again  coupled  together  and  the  flows  meas- 
ured through  them,  the  water  gage  being  used  to  determine  the  pres- 
sures, and  these  results  were  secured: 

Table  showing  the  relation  of  flow  to  pressure  in  cylinders  of  Madison  sandstone  Nos.  2 
and  3  coiqiled  together  where  j^ressures  are  measured  with  water  gage. 


Time. 

Pressure. 

Observed 
flow. 

Minutes. 

Feet. 

Grams. 

10 

4.0 

34 

10 

4.0 

31 

10 

.  7 

4.8 

10 

.7 

4.8 

Here  the  computed  flow  for  the  low  pressure  derived/rom  the  mean 
flow  for  tbe  high  i^ressure  is  15.9  per  cent  higher  than  the  observed 
flow  under  the  low  pressure. 

Another  set  of  four  cylinders  were  cut  from  a  very  white  and  line- 
grained  block  of  the  Madison  sandstone  taken  from  the  bottom  of 
"Eock  cut on  the  Chicago  and  iTorth western  Kailway,  south  of  the 
city.  These  cylinders  were  cut  with  their  faces  at  right  angles  to 
the  bedding  plane,  and  the  stone  was  so  soft  that  it  was  impossible 
to  work  them  into  the  desired  shai)e  and  size  until  they  were  first 
thoroughly  dried. 

Cylinder  No.  0,  through  which  the  flows  recorded  in  the  following 
table  were  measured,  had  a  length  of  7.61  cm.,  or  3  inches,  and  a  diam- 
eter of  3.28  cm.,  or  1.28  inches,  with  a  volume  determined  by  immersion 
in  mercury  of  60  c.  c. 

As  in  the  other  cases  presented,  water  was  allowed  to  flow  through 
this  specimen  continuously  for  more  than  twelve  hours  in  order  to  bring 
it  into  a  condition  of  steady  flow  before  the  series  of  observations  here 
recorded  was  made,  and  during  this  time  the  flow  had  increased  from 
30.3  grams  in  ten  minutes,  under  a  pressure  of  2.445  feet  of  mercury,  to 
49.0  grams  under  a  pressure  of  2.432  feet. 

It  should  be  stated  that  in  making  the  changes  from  one  pressure  to 
another  the  flow  was  not  stopped  either  during  this  series  of  measure- 
ments or  any  of  those  already  recorded. 
10  aEOL,  PT  2  10 
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Table  showing  the  relation  of  flow  to  pressure  in  Madison  sandstone  No.  6. 


Order  of 
trials. 

Time. 

Tempera- 
ture. 

Pressure  of 
mercury. 

Observed 
flow. 

Computed 
flow. 

Percentage 
departure. 

Minutes. 

o  C. 

Feet. 

Grams. 

Grams. 

2 

30 

21.  2 

2.  387 

AG  "1 

48. 1 

A  O  OA 

48.  20 

A  Oi 

0.  21 

4 

10 

20.  9 

O  <>A^' 

2.  30d 

4b.  5d 

"1      <  A 

1.  40 

6 

10 

20.  3 

2. 234 

44. 1 

4o.  11 

O    O  4 
^  ^(i 

8 

10 

20.  3 

2. 149 

/I  O  OA 

4o.  o9 

O  A" 

2.  Oo 

10 

10 

19. 8 

2.  Odd 

1  A  O 

40.  2 

A  1  rro 

41.  r2 

O    P  1 

3.  64 

12 

10 

19.  9 

-I     AO  1 

1.  984 

38.  8 

A  A  Ar* 

40.  Ob 

3.  lo 

14 

10 

19.  9 

1.  90o 

ob.  8 

oo  ACi 

OO.  49 

A  on 
4.  39 

16 

10 

19.  9 

1.  829 

OO.  0 

OP  no 

3b.  93 

K  OO 

5.  23 

18 

10 

19.  9 

1.  /d4 

oo.  4 

o^;  OP 

OO.  2b 

f  oo 
0.  28 

20 

10 

20.  6 

1.  b  A) 

01  K 

ol.  5 

oo  TO 

33.  /2 

p  crO 

b.  08 

22 

10 

20. 5 

1.  o92 

on  -i 
29.  1 

oo   1  i" 

32.  lo 

9.  49 

24 

10 

20. 1 

-1    er  Atr 

1.  50o 

2b.  / 

OA  on 
30.  39 

1  O   1  < 

IJ.  14 

26 

10 

20. 2 

.  5do 

b.  8 

11.  23 

on  1 

39.  4o 

27 

10 

19.  o 

2.  o82 

48.  2 

4  O    1  A 

48.  10 

01 

25 

10 

OA  O 

20.  6 

1.  43o 

OK  O 

2o.  o 

oo  TO 

28.  /8 

1  o  An 

23 

10 

OA  O 

20.  2 

1.  3/5 

O  4  A 

24.  0 

o^ 

27.  /7 

1  O  o 

13.  58 

21 

10 

20.  4 

1.  29b 

oo  ^ 

22.  o 

o/^   1  r' 

2b.  1/ 

"1  i  /\o 

14.  02 

19 

10 

20.  6 

1.  223 

OA  A 

20.  9 

O  i  ^A 

24.  /O 

1  "  OO 

lo.  38 

17 

10 

20.0 

1. 156 

19.7 

23.  34 

15.  60 

15 

10 

19.9 

1.080 

17.9 

21.81 

17.93 

13 

10 

19.9 

1.  007 

15.9 

20.  33 

21.79 

11 

10 

19.8 

.930 

14.4 

18.  78 

23.  32 

9 

10 

20.1 

.848 

12.3 

17. 12 

28.15  . 

7 

10 

20.1 

.774 

9.6 

15.  63 

38.58 

5 

10 

20.5 

.699 

8.8 

14.11 

37.63 

3 

10 

20.9 

.6155 

6.9 

12.43 

44.49 

1 

10 

21.2 

.518 

4.9 

10.  46 

53. 15 

In  this  case  there  is  a  large  percentage  departure  from  the  law,  the 
flow  increasing  in  a  quite  regular  manner  from  less  than  1  per  cent  to 
more  than  50  per  cent.  In  calculating  the  values  in  the  column  of  this 
table  headed  "  Computed  flow "  the  data  of  trials  ISTo.  2  and  I^o.  27 
were  used,  the  mean  of  the  two  being  taken.  The  very  close  agree- 
ment between  these  two  measured  flows  shows  that  there  had  been  but 
little  if  any  progressive  change  during  the  experiment. 

Attention  has  already  been  called  to  the  possibility  that  air  retained 
in  the  stone  might  exert  an  influence  leading  to  an  increase  of  flow 
with  an  increase  of  pressure,  and  the  results  of  observations  on  tubes 
filled  with  wire  gauze  where  boiled  water,  yet  quite  warm,  was  used 
in  order  to  avoid  the  possibility  of  air  being  carried  into  the  apparatus 
and  allowed  to  accumulate  there,  have  been  already  given. 
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The  morning  following  the  day  when  the  water  was  boiled  tests  were 
again  made  on  the  Ko.  G  Madison  stone  with  the  boiled  water.  The 
flow  began  at  a  rate  of  15  grams  in  ten  minutes  under  a  pressure  of 
15.499  feet  of  mercury  and  a  temperature  of  19.8°  C,  but  declined  to  9.3^ 
after  twenty-five  hours,  and  then  increased  gradually  nntil  a  rate  of 
28  grams  was  reached,  at  which  point  it  remained  constant  during  a 
continuous  run  of  ten  hours.  The  measurements  given  below  were 
taivcn  about  ten  hours  apart,  the  flow  having  been  continuous  during 
more  than  twenty-four  hours. 

Flow  of  boiled  icater  through  Madison  sandstone  No.  6  dui'irig  ten  minutes. 


Pressure  of 
mercury. 

Temper- 
ature. 

Observed 
How. 

Computed 
liow. 

Percentage 
departure. 

Feet. 
2.499 
2. 499 
.401 
.401 

°C. 

21.3 

21.3 

21.3 

21.3 

Grains. 
27.9 
28.0 
2.3 
2.3 

Grams. 
27.  95 

4.485 

48.72 

AFTER  TEX  HOURS'  CONTINUOUS  RUN. 

2.  471 
.466 

17.5 
17.5 

27.9 
3.3 

27.9 
5.262 

37.  29 

There  appears  from  these  results  no  indication  that  the  use  of  boiled 
water  materially  alters  the  relation  of  flow  to  pressure,  for  the  percent- 
age departure  is  nearly  as  large  as  it  was  when  ordinary  filtered  well 
water  was  used. 

Taking  the  observations  which  were  made  by  ^N'ewell  in  1885  in  con- 
nection with  those  of  the  writer  here  presented,  this  conclusion  is  clearly 
sustained: 

The  Jioic  of  water  through  sandstone  does  not  conform  to  the  law  of 
Poiseuille  between  pressure  gradients  of  2,3  to  1  and  85  to  1,  hut  increases 
faster  than  the  pressure. 

It  should  be  observed  here  that  these  gradients  are  within  the  range 
of  nearly  all  pumped  wells  where  the  water  is  lowered  during  pumping 
from  0.9  foot  to  more  than  30  feet. 

FLOW  OF  WATER  THROUGH  SAND. 

In  this  investigation  a  very  large  number  of  measurements  of  the 
flow  of  water  through  sands  of  different  sizes  of  grain  and  under  dilfer- 
ent  pressures  have  beeu  made,  and  it  is  the  purpose  to  discuss  the 
bearing  of  these  data  upon  tlie  sul)ject  liere  under  (consideration. 

In  studying  the  rehition  of  ilow  of  water  to  i)ressure  througli  sands 
three  different  forms  of  apparatus  have  be(^n  used,  and  these  will  now 
be  described,  in  connection  with  the  data  secured,  in  the  reverse  order 
from  which  they  were  used. 


148 


MOVEMENTS  OF  GROUND  WATER. 


The  last  apparatus  used  was  a  brass  tube,  in  which  coukl  be  placed 
a  column  of  sand  5.95  feet  loug  and  0.955  inch  in  diameter,  provided 
with  caps  having  a  bottom  of  brass  wire  gauze  of  different  degrees  of 
coarseness  to  correspond  with  the  size  of  the  grains  of  sand  under 
experiment.  This  apparatus,  when  filled  with  sand,  was  placed  in  a 
horizontal  position  and  connected  with  the  filter  represented  in  fig.  30, 
the  pressure  being  measured  in  the  head  of  the  filter  next  to  the  appa- 
ratus by  connecting  with  the  stopcock  O. 

The  sand  was  filled  into  the  tube  dry  and  thoroughly  jarred  until  it 
settled  no  more  :  then  the  screen-covered  end  was  placed  under  water 
and  the  air  was  exhausted  from  the  sand  by  means  of  an  air  pump 
until  the  sand  became  filled  with  water.  In  this  condition  the  appa- 
ratus was  connected  with  the  filter,  care  being  taken  to  prevent  any  air 
from  entering  the  apparatus.  As  the  screen -covered  cap  prevented  the 
escape  of  the  sand  while  it  j)ermitted  the  exit  of  the  water,  it  was  pos- 
sible to  use  any  desired  pressure  in  measuring  the  fiow. 

The  first  sands  used  in  this  apparatus  were  a  set  of  7  samples  taken 
from  the  Los  Angeles  Eiver  Yalley,  California,  described  in  detail  in 
another  part  of  this  paper  and  shown  in  PI.  YIII.  It  will  be  seen  that 
they  are  mixed  sands  having  grains  of  quite  variable  size,  which  are 
at  the  same  time  not  much  rounded.  The  water  was  allowed  to  flow 
through  the  sample  for  some  time,  and  then  a  set  of  usually  two  flows 
under  the  same  high  pressure,  alternating  with  a  set  of  two  flows  under 
nearly  the  same  low  pressure,  were  taken. 

The  data  obtained,  corrected  for  temperature,  are  presented  in  the 
table  which  follows;  but  as  there  was  always  observed  a  marked  pro- 
gressive decline  in  the  flow,  due  to  rearrangement  of  grains,  the  figures 
given  are  obtained  by  comparing  the  flows  under  two  high  pressures 
with  the  flow  under  the  low  pressure,  which  was  taken  between  the  two 
high-pressure  flows,  and  then  the  two  low-pressure  flows  which  occurred 
on  either  side  of  a  high-pressure  flow  were  averaged  as  a  standard  with 
which  to  compare  the  single  high-i)ressure  flow. 

The  samples  were  investigated  in  the  order  in  which  they  are  num- 
bered, and  it  was  discovered,  when  the  finest-grained  sample  was  put 
into  the  apparatus,  that  on  account  of  the  length  of  the  column  of  sand 
and  the  slow  rate  at  which  the  water  moved  through  it  the  time  neces- 
sary to  adjust  the  pressures  in  changing  from  one  to  another  was  not 
sufficiently  long  to  enable  the  effects  of  the  preceding  pressure  to  have 
vanished  from  the  apparatus  before  the  measurement  of  the  flow  under 
the  new  conditions  was  begun.  This  became  evident  when  it  was 
observed  that  in  changing  from  a  pressure  of  more  than  2  feet  of  mer- 
cury to  one  of  only  0.5  foot  the  flow  frequently  was  larger  under  the 
low  pressure  than  it  was  under  the  high  pressure — that  is,  when  the 
water  had  been  flowing  long  enough  under  a  high  x^ressure  for  the 
movement  to  have  extended  through  the  whole  column,  then,  when  the 
low  pressure  was  quickly  established  and  the  receptacle  for  collecting 
the  water  was  set  in  place,  the  water  would  continue  to  be  discharged 
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under  the  high  pressure  already  in  the  tube,  as  the  water  must  neces- 
sarily flow  out  of  the  apparatus  both  ways  until  the  pressure  was 
equalized,  and  would  then  fall  off*  until,  at  the  free  end,  it  became  lower 
than  the  new  pressure  established. 

It  is  quite  certain  that  the  results  for  samj^le  Xo.  3  are  in  error  on 
account  of  this  lagging  of  the  pressure,  which  was  discovered  too  late 
to  enable  any  allowance  to  be  made  for  it.  It  is  evident  that  the  effect 
would  be  to  make  the  flows  under  the  high  pressures  too  low  and  those 
under  the  low  pressure  too  high,  and  hence  tend  to  reverse  the  rela- 
tions of  flow  to  pressure,  just  as  they  appear  to  be  reversed  in  one  of 
the  trials  of  Ko.  3. 

It  has  not  been  practicable  to  repeat  these  observations  as  yet,  but 
it  is  fortunate  that  whatever  error  may  have  crei3t  in  on  this  account 
could  tend  only  to  reduce  the  departure  from  the  generally  accepted 
law,  making  it  appear  less  than  it  actually  is. 


Table  slioiving  the  relation  of  Jioiv  of  water  to  pressure  through  mixed  sands. 


Number 

of 
sample. 

Time 

Tempera- 

Pressure, mercury. 

Observed  flow 
under- 

Com- 
puted 
flow  for 

low 
pressure. 

Percentage 

of  flow. 

ture. 

High. 

Low. 

High 
pressure. 

Low 
pressure. 

departure. 

Min. 

o  C. 

Feet. 

Feet. 

Grams. 

Grams. 

Grams. 

10 

20.3 

(2.  7095 

.5625 

72.1 

13.0 

14.97 

13.  16 

1 

12.  7095 

.579 

66.7 

10.5 

14.25 

26.  31 

2 

10 

15.6 

r2.  702 
12.  702 

.579 
.550 

91.0 
82.  35 

10.  57 
10.0 

19. 50 
16.  76 

45.  79 
40.33 

3 

10 

15.6 

|2.  694 
l2. 694 

.606 
.5873 

25.35 
23.9 

5.4 
5.4 

5.  702 
5.21 

5.296 
—3. 647 

10 

16.2 

(2.  677 

.687 

602.7 

145.5 

154.  7 

5.918 

4 

12.  677 

.6728 

552.2 

122.1 

138.0 

11.53 

5 

10 

16.2 

r2.  696 
12.696 

.5825 
.  5633 

80.  26 
77.8 

13.6 
12.  66 

17.  34 
16.  26 

21.  57 
22. 15 

10 

19.3 

,2.693 

.5876 

130.  2 

24.33 

28.41 

14.36 

6 

I2.693 

.6083 

120.4 

23. 18 

27.20 

14.78 

7 

10 

19 

2.678 

.596 

3. 575 

.  5 

.  7956 

37. 15 

An  inspection  of  this  table  shows  that  in  every  case  where  the  lower 
flow  is  computed  from  tlie  higher,  assuming  tliat  the  flow  increases  as 
rapidly  as  the  pressure,  we  get  a  flow  which  is  larger  than  that  observed 
by  amounts  varying  from  5  per  cent  to  45  i)er  cent.  It  is  trne  there 
is  one  exception  to  this  statemc/it  in  the  11  cases  presented,  bnt  it  is 
quite  certain  that  this  is  apparent  rather  than  real,  tor  the  reasons 
just  stated. 

The  second  apparatus  used  is  represented  in  li^i.  .■)!',  w  liich  consisted  of 
a  galvanized-iron  cylinder  of  (>  inches  inside  diameter  lillcd  wiili  a  sand 
sorted  to  one  size,  in  the  center  of  which  was  ])la(;e(l  a  (li  i\  c  well  point 
18  inches  long  and  I  "/  inches  in  diameter.    Watci-  was  admitted  to  tlie 
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sand  at  both  ends  of  tlie  cylinder,  and  after  flowing  through  the  sand 
escaped  into  the  jjoint  and  out  of  the  apparatus.  The  i^ressure  was 
measured  at  the  ujiper  end  of  the  cyhnder  only,  the  mercury  gage 
represented  in  fig.  30  being  used.  There  were  three  of  these  pieces  of 
apparatus  filled  with  sands  of  three  degrees  of  coarseness,  adapted  to 
the  screen  on  the  well  points,  which  were  Gould's  'No.  90,  No.  80,  and 
Ko.  50.  The  efi'ective  diameter  of  the  sand  grains  was  0.09531  mm.  for 
the  Ko.  90,  0.1717  mm.  for  the  l^o.  80,  and  0.2941  mm.  for  the  No.  50. 

The  apparatus  was  not  designed  to  investigate  the  particular  ques- 
tion under  consideration  here,  but  a  portion  of  the  data  are  brought 
into  requisition  now  because  they  show  how  the  flow  is  related  to  the 
pressure. 

Two  series  of  data  obtained  from  well  point  No.  90  will  be  here  pre- 
sented, the  first  being  derived  from  an  experiment  where  ordinary 
filtered  well  water  was  used,  and  the  second  from  one  where  that  water 
had  been  boiled  and  was  yet  warm. 

On  account  of  the  tendency  of  the  flow  in  these  sands  to  become 
progressively  slower  as  the  experiment  was  prolonged,  it  became  nec- 
essary here,  as  in  other  cases,  to  use  alternately  high  and  low  pressures. 
In  using  the  data  to  get  the  computed  flow  under  the  lower  pressures 
from  those  under  the  higher  pressures  the  average  of  the  two  high- 
pressure  flows  and  the  pressures  standing  next  to  a  single  low-pressure 
flow  between  them  have  been  taken  for  making  one  calculation;  then 
the  second  calculation  is  gotten  by  taking  the  mean  of  the  two  low- 
pressure  flows  which  stand  on  either  side  of  the  single  high  pressure 
between  them.  In  this  way  the  values  in  the  column  headed  ''Com- 
puted low-pressure  flow"  were  obtained. 


Tahle  shoiving  the  relation  of  pressure  to  flow  through  sands  of  drive-well  point  jVo.  90. 


Time  of 
flow. 

Tempera- 
ture. 

Pressure  of 
mercury. 

Observed 
flow. 

Combined  flows  under- 

Com- 
puted 
low-pres- 
sure flow. 

Percentage 
departure. 

High  pres- 
sure. 

Low  pres- 
sure. 

Minute. 

0  G. 

Feet. 

Pounds. 

Pounds. 

Pounds. 

Pounds. 

1 

21.4 

0.  2315 

1.050 

1 

19.8 

2.347 

12.  420 

12.  42 

1. 273 

1.415 

10.  04 

18.7 

.297 

1.496 

11.83 

1.496 

1.512 

1.058 

1 

16.8 

2.  300 

11.  240 

11.24 

1.  584 

1.634 

3.  06 

1 

16.8 

.3715 

1.672 

10.71 

1.672 

1.773 

5.696 

1 

16.3 

2. 188 

10.  180 

10. 18 

1.  824 

1.900 

4..  001 

1 

16.4 

.445 

1.976 

9.  935 

1.  976 

2.  263 

12.  68 

1 

16.0 

2.  097 

9.690 

9.69 

1.514 

1.  539 

1.625 

1 

16.2 

.221 

1.052 

10.  35 

1.052 

1.024 

—  2.  675 

1 

16.1 

2.372 

11.  000 

11.00 

.944 

1.  009 

6.444 

1 

16.4 

.214 

.836 

11.56 

.836 

1.  042 

19.  76 

1 

16.3 

2.374 

12. 120 
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Here  it  will  be  seen  that  in  every  case  but  one  the  flows  have  increased 
more  rajHcUy  than  the  pressures,  by  amounts  ranging  from  l.G  per  cent 
to  19.76  per  cent  of  the  computed  low-pressure  flows. 

When  hot  boiled  water  was  used  instead  of  cold  water,  the  results 
obtained  were  as  shown  in  the  next  table. 


Table  showing  the  relation  of  pressure  to  flow  of  warm  boiled  water  through  .sand  of  well 

point  No.  90. 


Time  of 
flow. 

Tempera- 
ture. 

Pressure  of 
mercury. 

Observed 
flow. 

Combined  flows  under — 

Com- 
puted 
low-pres- 
sure 
flows. 

Percentage 
departure. 

High  pres- 
sure. 

Low  pres- 
sure. 

Minute. 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

o  C. 

59 
59 
59 
58 
58 
56 
56 
56 
56 
56 

Feet. 
2. 246 
1.614 
1.614 
1. 177 
1. 177 
.820 
.820 
.518 
.2325 
2. 246 

Pounds. 
45.  20 
37.  92 
37.  24 
22.  40 
22.  26 
18.26 
18.08 
9.92 
1.928 
22.  40 

Pounds. 
45.20 

Pounds. 
37.  92 

Pounds. 
32.45 

—16. 84 

37.24 

22.  40 

27. 16 

17.53 

22.26 

18.  26 

35.51 

—17.  73 

18.  08 

9.92 

11.42 

13. 13 

9.  92 
22. 40 

1.928 
1.928 

4.453. 
2.  319 

56.71 
16.  86 

In  this  set  of  trials  there  are  two  exceptions,  in  six  comparisons,  to  the 
general  rule  of  flow  increasing  faster  than  the  pressure. 

In  the  case  of  the  Ko.  50  drive-well  point  the  series  of  observations 
permitted  of  but  two  comparisons,  and  these  both  give  a  flow  increasing 
faster  than  the  pressure,  the  results  being  as  below: 


Table  showing  the  relation  of  pressure  to  flow  through  sands  of  drive-well  point  No.  50. 


Temper- 
ature. 

Time. 

High  pres- 
sure, mer- 
cury. 

Low  pres- 
sure, mer- 
cury. 

High-pres- 
sure How. 

Low-pres- 
sure flow. 

Com- 
puted 
h)w-i)res- 
sureflow. 

Percentage 
departure. 

o(7. 

Minute. 

Feet. 

Feet. 

Pounds. 

Pounds. 

Pounds. 

57 

1 

1.  513 

0. 2875 

49.  74 

8. 70 

9.  452 

7.  956 

57 

1 

1.513 

.2848 

48.  24 

8.  825 

9.080 

2.  808 

For  some  reason  which  has  not  been  discovered,  all  measurements  of 
flow  through  tlie  sand  of  drive-well  ])oint  No.  <S()  were  (piite  irregular, 
and  the  rate  of  flow  declined  very  rapidly  as  the  experiment  progressed. 
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The  results  of  the  measurements  of  flow  of  warm  boiled  water  through 
this  point  are  given  in  the  table  below: 


Tahle  shoiving  the  relation  of  pressure  to  flow  of  warm  hoiled  water  through  sand  of  drive- 
well  point  No.  80. 


Time  of 
flow. 

Temper- 
ature. 

Pressure  of 
mercury. 

Observed 
flow. 

Combined  flows  under — 

Com- 
puted 
low  pres- 
sure. 

Percentage 
departure. 

High  pres- 
sure. 

Low  pres- 
sure. 

Minute. 

o  G. 

Feet. 

Pounds. 

Pounds. 

Pounds. 

Pounds. 

1 

56 

1.816 

39.  79 

—6.  888 

1 

56 

.245 

5.71 

39.  60 

5.  71 

5.342 

—  .979 

1 

57 

1.821 

39.40 

39.  40 

5.745 

5.095 

3.051 

1 

57 

.226 

4.  58 

38.  92 

4.58 

4.  724 

—  .564 

1 

57 

1.903 

38. 44 

38.44 

4.455 

4.430 

—2.  85 

1 

.  57 

.2125 

4.  33 

37.74 

4.33 

4.210 

1 

57 

1.905 

37.  04 

In  these  flows,  with  one  exception,  the  rate  decreased  faster  than  the 
pressure  rather  than  increased,  as  was  the  case  with  the  other  two  well 
points. 

The  first  piece  of  apparatus  used  to  study  the  flow  of  water  through 
sands  was  adapted  to  investigate  the  movements  under  only  relatively 
low  pressures,  and  is  represented  in  fig.  41 . 

This  apparatus  proved  very  satisfactory  for  what  it  was  intended, 
except  where  the  flow  was  very  small.  In  such  cases  the  water  would 
tend  to  round  up  at  the  top  of  the  soil  tube  before  overflowing  and  then 
discharge  in  a  body,  which  was  liable  to  make  successive  measure- 
ments alternately  too  high  or  too  low.  Besides  this  the  heai^ing  u^)  of 
the  water  tended  to  reduce  the  effective  i)ressure  by  that  amount, 
while  the  establishment  of  the  true  zero  of  the  pressure  gage  to  a  small 
fraction  of  a  millimeter  was  made  more  difficult  and  uncertain. 

The  pressures  with  this  apparatus  were  all  measured  with  a  water 
gage,  and  could  be  read  to  one-tenth  of  a  millimeter  by  direct  obser- 
vations made  possible  by  the  inclined  attitude  of  the  gage,  which  was 
usually  so  placed  as  to  rise  1  in  10,  as  represented  in  the  figure. 

The  experiments  were  conducted  in  the  constant  temperature  room, 
where  the  maximum  change  during  a  day  was  seldom  equal  to  1°  C, 
and  care  was  also  taken  to  leave  the  apparatus  with  its  contents  in  the 
room  at  least  twelve  hours  before  beginning  measurements. 

The  sand  was  filled  into  the  apparatus  in  an  air-dry  condition  in 
small  amounts  at  a  time,  each  filling  being  gently  tamped  with  a  broad, 
flat  disk.  To  expel  the  air,  boiling  water  was  run  through  the  sand 
from  the  bottom  upward  under  a  low  pressure  continually  during  one- 
half  an  hour.    The  gas  was  then  shut  oft'  from  the  water  and  the  flow 
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maintained  until  the  temperature  had  fallen  to  nearly  that  of  the  room, 
when  the  apparatus  was  taken  to  the  constant  temperature  room  to 
remain  twelve  or  more  hours  before  work  was  begun  with  it. 

The  sand  used  for  the  observations  given  in  the  following  table  was 
composed  of  medium  sized  grains  of  variable  size,  but  well  rounded 
and  thoroughly  washed  in  running  water  until  it  came  away  clear 
when  the  sand  was  being  stirred. 

As  it  is  important  to  know  what  variations  of  flow  may  occur  under 
the  conditions  of  such  a  piece  of  apparatus,  nearly  the  full  series  of 
observations  made  with  this  sand  are  given: 

Table  shoiving  the  relation  of  low  pressures  to  Jiow  of  distilled  water  through  sand.  Timey 

ten  minutes. 


First  trial. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
U 
15 
IG 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


12.8 

12.  85 

12.9 

12.9 

13.0 

13.0 

13.05 

13.1 

13.2 

13.2 

13. 15 

13.1 

13.1 

13. 15 

13.3 

13.3 

13.5 

13.5 


O 


Grams. 
79.4 
153.8 
235.1 
303.8 
378.4 
457.4 
524.3 
611.1 
690.  7 
769.4 
848.4 
929.1 
1,  008.  9 
1,091.5 
1,173.8 
1,  253.  6 
1,  333. 7 
1, 410. 2 


3 

.1-.  -yj 
u 


79.4 
76.9 
78.3 
75.9 
75.7 
76.2 
74.9 
76.4 
76.7 
76.9 
77.1 
77.4 
77.6 
77.9 
78.2 
78.3 
78.4 
78.3 


Second  trial. 


13.4 


13.5 


13.5 


13.5 


13.4 
13.45 


13.4 


13.4 


13.45 
13.  45 
13.45 
13.4 
13.  5 
13.5 
13.5 
13.  .55 
13.65 
1.3.65 
1.3.  75 
13.  70 
13.7 


Grams. 


150.0 


306.8 
4G5.4 


624. 


781.7 
942.7 


ft 


75.0 


76.  70 

77.  56 


78.09 
78. 17 
78.  56 


1,102.8 


1,258.7 


1,418.6 

1,  498. 1 
1,577.0 
1,658.6 
1,7.37.3 
1,817.7 
1,901.4 
1,980.7 

2.  062.  7 
2,  145.4 
2,  233.  3 
2,311.9 
2,  395.  0 


Third  trial. 


CI 

o 

ft 
B 

H 


^C.  Grams. 


78.61 


78.  67 


78.81 
78. S4  ' 
78.85  ' 

78.  98 
78. 97 

79.  03 
79.  20 
79.  23 
79.  33 
79. 46 
79.  76 
79.  72 
79. 83 


>  03 

%  ft 


PR 


13.7 

158.  2 

79.1 

13.7 

236.0 

78.  66 

13.7 

313.2 

78.30 

13.7 

393.8 

78.  76 

13.7 

474.5 

79.  08 

13.7 

554.0 

79. 14 

13.7 

634.0 

79.25 

712.6 

79.18 

13.  75 

791.1 

79.11 

13.  75 

872.4 

79.31 

13.8 

952.4 

79.  37 

rourtli  trial. 


°C. 
13.6 
13.65 
13. 70 
13. 70 
13.  70 
13.75 
13.  80 
13. 83 
13.90 
13.  90 
13. 90 
13.90 
13.  90 

13.  90 
14.0 
14.0 
14.0 
14.0 
14.05 

14.  05 
14.05 
14.10 
14.1 
14.1 
14.1 
14.1 
14.1 
14.15 
14.2 
14.2 


Grams. 
77.9 
157.1 
232.5 
308.7 
389.1 
466.8 
547.8 
627.9 
709.7 
786. 8 
868.7 
949.8 
1,  032. 1 
1, 112. 8 
1, 192.  0 
1,  272.  4 
1,  354.  2 
1,  435.  8 
1,515.8 
1,  595.  4 
1,  676.  5 

1,  760.  2 
1, 839.  7 
1, 925.  2 

2,  004.  8 
2,  088. 7 
2,172.9 
2, 255. 6 
2,  343. 9 
2, 424. 8 


77.90 
78.55 
77.  50 
77. 17 
77.82 

77.  80 

78.  2.^) 
78.  49 

78.  85 
78.68 
78. 97 
79. 15 

79.  39 
79.  48 
79.47 
79.  52 
79.  66 
79,  77 
79.  78 
79.  77 
79.  83 
80.01 

79.  99 

80.  22 
80. 19 
80.  34 
80.48 
80.  56 
80.82 
80.  83 
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Before  the  observations  recorded  in  the  preceding  table  were  begun 
a  preliminary  set  covering  a  full  day  had  been  made  to  familiarize  the 
operator  with  the  apparatus  and  the  method  of  work.  It  should  be 
further  stated  that  the  flow  of  water  through  the  sand  was  continuous 
from  the  beginning  to  the  end  of  a  set  of  observations  except  as  work  was 
stopped  for  dinner  or  for  the  day,  and  that  the  percolator  always  stood 
full  of  water,  so  that  there  was  no  possibility  that  any  air  other  than 
such  as  was  absorbed  in  the  water  could  get  into  the  sand. 

When  these  trials  had  been  comx)leted,  another  set  was  made,  alter- 
nating from  high  to  lower  pressures,  in  order  that  the  effect  of  progress- 
ive changes  might  )3e  eliminated,  and  the  table  below  contains  the  data 
derived  from  these: 

Table  showing  the  relation  of  low  ;pressure  to  fiow  of  distilled  water  through  sand;  fifth 

trial. 


Time  of 
flow. 

Tempera- 
ture. 

Pressure 
of  water. 

Observed 
flow. 

Mow  divided 
by  pressure. 

Number 
of  trial. 

Minutes. 

°C. 

Cm. 

Grams. 

10 

14.0 

2 

155.1 

77.55 

1 

10 

14.0 

30 

2,  398.  3 

79.  94 

2 

10 

14.  05 

15 

1, 195.  0 

79.  66 

3 

10 

14. 15 

2 

157.3 

78.  65 

4 

10 

14.  20 

30 

2,  421.  7 

80.  72 

5 

10 

14.20 

15 

1,  201. 2 

80.  08 

6 

10 

14. 20 

2 

158.9 

79.45 

7 

10 

14.25 

30 

2,  423.  7 

80.  79 

8 

10 

14.  25 

15 

1, 189. 2 

79.  95 

9 

10 

14.  30 

2 

158.4 

79.20 

10 

10 

14.  30 

30 

2,  425.  6 

80.  85 

11 

10 

14.  30 

15 

1,  203.  0 

80.  20 

12 

10 

14.30 

2 

159.3 

79.65 

13 

The  preliminary  trial  with  this  sand  was  made  March  26,  1897,  the 
first  trial  March  27  j  the  second  and  third  trials  on  the  29th;  the  fourth 
on  the  30th,  and  the  fifth  on  the  31st.  At  this  point  the  apparatus  was 
allowed  to  stand  in  the  constant-temperature  room  undisturbed  in  any 
way  until  April  10,  when  a  sixth  trial  was  made,  in  which  it  was  the 
purpose  to  extend  the  series  to  as  high  a  pressure  as  was  possible  with 
the  apparatus.  The  gage  was  given  a  less  steep  slope,  such  that  for 
every  10  cm.  of  the  scale  there  was  an  actual  increase  of  head  of  3  cm., 
and  the  pressures  were  varied  by  successive  steps  of  1.5  cm.  up  to 
37.5  cm.  In  attempting  to  adjust  the  pressure  to  39  cm.  sand  was  forced 
over,  thus  bringing  the  series  to  a  close.  The  results  are  given  in  the 
next  table : 
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Table  sliowing  the  relation  of  low  iwessures  to  the  flow  of  distilled  icaier  through  sand; 

sixth  trial. 


Time 
of  flow. 

Temper- 
ature. 

Pressure 
of  water. 

Observed 
flow. 

Flow  divided 
by  pressure. 

Minutes. 

°C. 

Centimeters. 

Grams. 

10 

15.4 

1.5 

122.7 

81.80 

10 

15.4 

3.0 

244.0 

81.33 

10 

15.4 

4.5 

366.1 

81.36 

10 

15.4 

6.0 

487.4 

81.23 

10 

15.35 

7.5 

610.8 

81.44 

10 

15.4 

9.0 

737.1 

81.90 

10 

15.45 

10.5 

858.3 

81.74 

10 

15.4 

12.0 

980.6 

81.70 

10 

15.4 

13.5 

1, 100. 0 

81.  48 

10 

15.4 

15.0 

1,  224. 9 

81.66 

10 

15.4 

16.5 

1,  346. 8 

81.56 

10 

15.45 

18.0 

1,  470. 1 

81.66 

10 

15.  5 

19.5 

1, 592.  2 

81.  65 

10 

15. 55 

21.0 

1,  711.3 

81.49 

10 

15. 5 

22.5 

1,  832.  5 

81.44 

10 

15.  5 

24.0 

1,  954. 3 

81.43 

10 

15. 5 

25.5 

2,  079.  4 

'81.54 

10 

15.5 

27.0 

2,  202. 2 

81.56 

(a) 

(a) 

(a) 

(a) 

(a) 

10 

14.8 

27.0 

2, 132. 3 

78.96 

10 

15.0 

27.0 

2, 136.  4 

79. 11 

10 

15.0 

28.5 

2,  246.  9 

78.84 

10 

15.0 

30.0 

2,  361.  3 

78.71 

10 

15.0 

31.5 

2, 472. 1 

.  78.47 

10 

15.0 

33.0 

2, 585.  6 

78.  35 

10 

15.0 

34.5 

2,  689. 4 

77.95 

10 

15.0 

36.0 

2.  816. 6 

78.24 

10 

15.0 

37.5. 

2,  984. 0 

79.57 

a  Thirty-six  hours'  time  intervened  here,  but  otherwise  no  T<nown  cause  for  change  of  rate  except 
the  change  of  temperature  which  table  shows. 

If  tlie  data  of  the  fifth  trial  are  combined  in  such  a  maimer  as  to 
eliminate  the  effect  of  the  progressive  change  which  is  a])i)arent,  it  will 
be  possible  to  see  whether  the  flow  is  increasing  faster  than  the  pres- 
sure, as  it  was  found  to  do  under  the  higher  pressure  to  wliich  \]w  Los 
Angeles  sands  were  subjected.  To  do  this  three  comparisons  arc  made, 
first,  the  30  ])rcssure  witli  tlie  2  pressure:  second,  the  IT)  pressure  with 
the  2  pressure;  and,  third,  the  .'50  pressure  with  the  15  pressure. 
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In  making  the  comparison^  two  high  pressures  on  opposite  sides  of  a 
low  pressure  or  two  low  pressures  on  opposite  sides  of  a  high  i)ressure 
are  averaged  and  the  results  appear  in  the  next  table. 


Tahle  showing  the  relation  of  low  pressures  to  the  flow  of  water  through  sands. 


Trials  compared. 

Observed 
flow. 

Computed 
flow. 

Dilference. 

PercentjR^e 
departure. 

Pressures  of  30  cm.  compared 

with  2  cm. 

1  antl  4  with  2  

156.2 

159.  88 

3.68 

2.30 

2  and  5  with  4  

157.3 

160. 66 

3.37 

2. 10 

4  and  7  with  5  

158.1 

161.  44 

3.  34 

2. 07 

5  and  8  with  7  

158.9 

161.51 

2.  61 

1.62 

7  and  10  with  8  

158.  65 

161.  58 

2.93 

1.81 

8  and  11  with  10  

158.4 

161. 64 

3.24 

2.  01 

10  and  13  with  11  

158.  85 

161. 70 

2.  85 

1.76 

Pressures  of  15  cm.  compared 

with  2  cm. 

3  and  6  with  4  

157.3 

159.  71 

2.40 

1.50 

4  and  7  with  6  

158.1 

160. 16 

2.06 

1.29 

6  and  9  with  7 . 

158.  9 

160.  03 

1. 13 

.71 

7  and  10  with  9  

158.  65 

159.9 

1.25 

.78 

9  and  12  with  10  

158.4 

160. 15 

1.75 

1.09 

10  and  13  with  12  

158. 85 

160.4 

1.55 

.97 

Pressures  of  30  cm.  compared 

with  15  cm. 

2  and  5  with  3  

1, 195. 0 

1,  205. 0 

10 

.83 

3  and  6  with  5  

1, 198. 1 

1,  210.  85 

12.  75 

1.05 

5  and  8  with  6  

1,  201.  2 

1,211.35 

10. 15 

.84 

6  and  9  with  8  

1,  200.  25 

1,  211.  85 

11.  60 

.95 

8  and  11  with  9  

1, 199.  3 

1,  212.  32 

13.02 

.96 

9  and  12  with  11  

1,  201. 15 

1,  212.  8 

11.65 

1.  07 

There  is  here  no  exception  to  the  rule  of  flow  increasing  faster  than 
pressure,  and  we  are  forced  to  conclude  that  under  the  conditions  of 
these  experiments  the  flow  of  water  through  sands  under  low  x)ressures 
is  not  proportional  to  the  pressure. 

Three  independent  sets  of  experiments  have  now  been  presented  in 
which  quite  different  forms  of  apparatus  were  used  under  widely 
different  pressures  and  with  widely  different  sands,  both  as  to  size  of 
grain  and  character  of  grain,  and  yet  there  is  an  essential  agreement 
among  them  all  in  showing  that  the  flow  of  water  through  these  sands 
increases  faster  than  the  pressure. 

In  the  apparatus  of  the  last  experiments  we  have  a  column  of  sand 
12  inches  or  30.4816  cm.  long,  and  we  find  that  with  a  pressure  gradient 
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of  30  cm.  to  15  cm.,  or  of  2  to  1,  there  is  an  observed  departure  from 
Poiseuille's  law  amounting  to  1.5  per  cent.  In  the  apparatus  used  with 
the  Los  Angeles  sands  we  had  a  length  of  column  of  181.35G  cm.,  or 
5.95  feet,  and  when  the  pressure  gradient  rose  at  the  rate  of  nearly 
1  to  1,  as  compared  with  a  rise  of  6  to  1,  the  flow  increased  faster  than 
the  pressure  by  amounts  ranging  from  5  to  26  and  even  37  per  cent. 

FLOW  OF  AIR  AND  WATER  THROUGH  SANDS,  SANDSTONES.  AND 

OTHER  POROUS  MEDIA. 

As  the  work  of  Graham  and  O.  E.  Meyer  relating  to  the  flow  of  air 
and  gases  through  capillary  tubes  is  held  to  have  demonstrated  that 
the  laws  of  Poiseuille  also  hold  for  air,  the  inference  appears  legiti- 
mate that  if  the  laws  of  capillary  flow  hold  for  water  through  soil  they 
should  also  hold  for  air,  and  since  the  experiments  made  in  connection 
with  this  inquiry  have  failed  to  show  a  complete  agreement  with  the 
law  in  a  study  of  the  flow  of  water,  it  was  deemed  desirable  to  measure 
the  flow  of  air  through  some  of  the  same  media  under  diflterent  jjres- 
sures,  to  see  whether  the  flow  of  air  through  soils  does  or  does  not  con- 
form to  the  Meyer -Poiseuille  law. 

Accordingly,  a  large  number  of  measurements  of  the  flow  of  air 
through  sand,  sandstone,  shot,  and  other  media  have  beeu  made,  some 
of  the  results  of  which  will  now  be  presented. 

FLOAV  OF  AIR  THROUGH  POROUS  MEDIA  UNDER  LOW  PRESSURE. 

The  results  first  presented  are  those  obtained  'by  measuring  the  flow 
of  air  through  a  column  of  sand  16.7  cm.  long  and  3.812  cm.  in  diameter 
under  10,  20,  30,  40,  and  50  mm.  of  constant  water  pressure.  The 
effective  diameter  of  the  sand  grains  was  .1551  mm.  and  the  packing 
of  the  sand  was  such  as  to  give  a  pore  space  of  36.45  per  (;ent.  In  com- 
position it  was  a  nearly  i)ure  quartz  sand,  composed  of  well-rounded 
grains,  which  had  been  screened  through  a  sieve  of  ^o.  60  mesh  to 
obtain  grains  of  nearly  uniform  size. 

The  apparatus  used  was  that  represented  in  fig.  34  (p.  179),  modified  by 
substituting  for  the  weight  which  produces  the  pressure  a  crank  and 
small  axle,  about  which  a  cord  was  wound  and  which  was  turned  by 
hand  slowly  but  with  suflicient  rai)idity  to  hold  the  pressure  (umstantly 
at  the  desired  amount.  As  the  pressure  gage  was  so  inclined  as  to 
magnify  the  readings  tenfold  it  was  easy  to  maintain  the  pressure  so 
nearly  constant  that  the  variations  did  not  exceed  0.1  mm.  of  water,  nnd 
the  measurements  were  madg  in  the  constant-temperature  room,  so  that 
the  temperature  changes  were  less  than  0.5^  C  in  the  four  series  of 
measurements  which  were  taken  and  wliicli  are  given  in  tlic  next  table. 


158  MOVEMENTS  OF  GROUND  WATER. 


Table  showing  relation  of  low  pressure  to  flow  of  air  through  No.  60  sand. 


Pres- 
sure of 
water. 

Tern- 
pera- 
ture. 

Time. 

Flow  in  seconds  of  dial. 

Mean  flow. 

Com- 
puted 
flow. 

Differ- 
ence. 

Per- 
centage 
depar- 
ture. 

Trial  1. 

Trial  2. 

Trial  3. 

Trial  4. 

In  sec- 
onds of 
dial. 

In 
cubic 
centi- 
meters. 

Mm. 

o  C. 

Min. 

C.c. 

C.c. 

10 

17.5 

4 

1, 135 

1,130 

1,188 

1, 162 

1, 153. 75 

97. 195 

97. 195 

0.0 

0.0 

20 

17.5 

4 

2,  300 

2,  371 

2,  370 

2,  342 

2,  345.  75 

197. 63 

1C4. 39 

3.24 

1.  67 

30 

17.5 

4 

3,  530 

3,  582 

3,588 

3,  520 

3,  552.  5 

299. 32 

291.  59 

7.73 

2.65 

40 

17.5 

4 

4,  790 

4,  795 

4,  822 

4,  820 

4,  806.  75 

404.  95 

388. 78 

16. 17 

4. 16 

50 

17.5 

4 

5,940 

6,  016 

6,  063 

5,  975 

5,  998.  5 

505.  37 

485.  98 

19.39 

3.99 

There  are  two  corrections  which  might  be  applied  to  these  results ; 
the  first  is  necessitated  by  the  rise  of  water  in  the  large  flask  of  the 
pressure  gage  as  the  water  flows  back  out  of  the  pressure  tube  when 
the  pressure  is  applied,  but  as  the  area  of  tbe  section  of  the  flask  is 
1,225  times  that  of  the  gage  tube,  the  maximum  correction  required  for 
the  50-mm.  pressure  affects  only  the  third  decimal  place,  and  may  there- 
fore be  neglected.  The  other  correction  is  that  required  to  reduce  the 
volume  of  air  in  the  bell  where  it  is  measured  under  a  reduced  jyres- 
sure  to  the  volume  it  would  have  under  the  outside  atmospheric  pressure 
at  which  it  entered  the  sandj  but  as  we  are  here  concerned  only  with 
comparative  results  rather  than  with  absolute  amounts  of  flow  under 
different  pressures,  and  as  this  correction  would  not  alter  the  i)ercentage 
relations,  it  may  also  be  omitted. 

The  results  given  in  the  table  may  therefore  be  taken  just  as  they 
stand,  and  they  show  that  under  these  low  pressures  the  flow  of  air 
through  this  sample  of  sand  increases  more  rapidly  than  the  i^ressure 
increases,  as  we  have  found  true  for  water. 

The  Los  Angeles  sand  IsTo.  7  was  also  used  in  these  trials  and  gave 
the  results  shown  in  the  next  table : 

Tahle  showing  relation  of  loiv  pressure  to  flow  of  air  through  Los  Angeles  sand  No.  7. 


Flow. 

Pressure 
of  water. 

Temper- 
ature. 

Com- 
puted 
flow. 

Differ- 
ence. 

Percent- 
age de- 
parture. 

Time. 

In  sec- 
onds of 
dial. 

In  cubic 
centi- 
meters. 

M7n. 

°  G. 

Min. 

C.c. 

C.c. 

10 

17.1 

10 

138.  5' 

11.  667 

^11.667 

20 

17.1 

10 

277 

23.  33 

23.  33 

0.0 

0.0 

30 

17.1 

10 

421 

35.47 

35.  00 

.47 

1.34 

40 

17.1 

10 

558 

47.  01 

46.  67 

.34 

.73 
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111  this  case  there  is  a  close  agreement  with  the  hiw,  but  the  depar- 
ture, what  there  is,  is  in  the  direction  of  flow  increasing  faster  than  the 
pressure. 

Ill  the  next  trial  a  brass  tube  was  used,  5.95  feet  or  181. 35G  cm.  long, 
having  a  cross-section  of  4.621  square  cm.  filled  with  sand  No.  2  (PI. 
XIV,  B)  having  an  effective  diameter  of  .711G  mm.  and  a  pore  space  of 
30.26  per  cent. 

This  tube  was  provided  with  two  saw  cuts  just  4  feet  apart  and 
nearly  1  foot  from  each  end,  over  which  were  soldered  brass  tubes  to 
which  pressure  gages  could  be  attached,  the  object  being  to  take  out 
the  pressures  far  enough  back  in  the  sand  to  be  free  from  any  end 
influence  which  might  be  assumed  to  exist.  The  gages  attached  to 
these  openings  were  arranged  as  represented  in  fig.  40,  to  magnify  the 
readings  by  inclining  the  tubes.  There  were  three  sets  of  trials  made 
with  the  results  given  below : 

Relation  of  pressure  to  flow  of  air  through  No.  2  sand. 


Pres- 
sure of 
water. 

Temper- 
ature. 

Time. 

Flow  in  seconds  of  dial. 

Mean  flow. 

Trial  1. 

Trial  2. 

Trial  3. 

In  sec- 
onds of 
dial. 

In 

cubic 
centi- 
meters. 

Mm. 

°C. 

Min. 

10 

18.3 

2 

398 

385 

388 

390.  3i 

32.  85 

20 

18.3 

2 

829 

853 

819 

383.6 

70. 18 

30 

18.3 

2 

1,238 

1,205 

1,180 

1,  207.  6 

101.7 

40 

18.3 

2 

1,630 

1,628 

1,625 

1,624.3 

136.7 

50 

18.3 

2 

2, 042 

2,  020 

2,  055 

2,  039 

171.6 

Com- 
puted 
flow. 

Differ- 
ence. 

Per- 
centage 
depar- 
ture. 

G.c. 

G.c. 

65. 70 

4. 48 

6.82 

98.  55 

3. 15 

3.20 

131.4 

5.3 

4.03 

164.2 

7.35 

4.47 

Here  again  there  is  a  persistent  and  at  the  same  time  marked  increase 
of  flow  faster  than  the  pressure. 

These  departures  from  the  law  can  not  be  explained  by  any  error, 
either  in  the  gage  or  in  the  gage  readings,  because  it  was  tested 
throughout  its  entire  range  by  means  of  another  vertical  water  gaj^e, 
one  observer  setting  the  pressure  on  the  inclined  gage  at  some  i)()int 
and  making  a  record  of  it,  while  a  second  observer  re(.*orded  the  pres- 
sures observed  by  him  on  the  vertical  gage.  These  trials  were  made 
repeatedly  in  all  i)arts  of  the  scale,  and  they  were  found  to  agree  as 
closely  as  it  was  possible  to  read  the  vertical  scale  with  a  hand  lens. 
Neither  can  it  be  due  to  any  systematic  error  in  the  api)aratus,  for 
measurements  agreed,  whether  the  series  were  run  from  high  to  low  or 
from  low  to  high  ])ressures,  and  no  matter  what  part  of  tiie  aspirator 
bell  was  under  water  at  the  time. 
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If  the  flows  are  divided  by  the  loss  of  pressure  between  the  two 
internal  gages,  we  shall  have  the  results  stated  below : 


Mean  flow  divided  by  i^ressure. 


10  millime- 
ters. 

20  millime- 
ters. 

30  millime- 
ters. 

40  millime- 
ters. 

50  millime- 
ters. 

1  

2 

3  

Difference  

64. 19 
63. 11 
63.61 

69.  66 

70.  50 
67. 13 

72.40 
69.  65 
69.  01 

66.  78 
68. 12 
68.  28 

67.  62 
67.  33 
68.50 

63.  63f 

69.  096 
63. 636 

70.  35 
63. 636 

67.72 
63. 636 

67. 816 

63.  636 

5.46 

6.  71 

4.  08 

4. 18 

If  these  differences  are  compared  with  the  percentage  differences  in 
the  last  table,  it  will  be  seen  that  there  is  an  essential  agreement 
between  them,  as  should  be  exx3ected  if  the  end  influences  had  no 
appreciable  effect  upon  the  flow^. 

The  next  trials  were  made  with  extra-fine  dust  shot  in  the  same 
apparatus.  The  shot  was  perfectly  clean,  Avith  grains  spherical  and 
nearly  uniform  in  diameter,  this  being  very  close  to  1  mm.,  with  a  pore 
space  of  37.89  per  cent. 

In  this  case  the  flows  were  measured  for  pressures,  varying  by  suc- 
cessive steps  of  1  mm.  up  to  10  mm.,  then  for  20,  30,  40,  and  50  mm., 
and  the  results  are  given  below.  The  time  of  observation  was  10  min- 
utes, but  results  are  computed  to  1  minute.    Temperature  IS.G^  C. 


Table  showing  the  relations  of  pressure  to  flow  of  air  through  dust  shot. 


Time. 

Pres- 
sure. 

Ob- 
sevred 
flow. 

Com- 
puted 
flow. 

Differ- 
ence. 

Depar- 
ture. 

Pres- 
sure. 

Ob- 
served 
flow. 

Com- 
puted 
flow. 

Differ- 
ence. 

Depar- 
ture. 

Min. 

Mm. 

C.c. 

C.c. 

C.c. 

Per  ct. 

Mm. 

C.c. 

C.c. 

C.c. 

Per  ct. 

1 

1 

5. 40 

0.0 

0.0 

8 

45.10 

43.  20 

1.  9 

4.  398 

1 

2 

11. 985 

10.  80 

1.185 

10.  97 

9 

51.  03 

48.  60 

2.  43 

5.  00 

1 

3 

16.  705 

16.2 

.505 

3.117 

10 

56.  58 

54.  00 

2.  58 

4.  778 

1 

4 

22.  87 

21.  60 

1.  27 

5.88 

20 

113.93 

108.  00 

5.93 

10.  61 

1 

5 

28.48 

27.  00 

1.48 

5.  48 

30 

177.  97 

162.  00 

15.  97 

9.  858 

1 

6 

34. 365 

32.40 

1.965 

6.  065 

40 

232. 81 

216. 00 

16.81 

7.  782 

1 

7 

41.99 

37.  80 

4.19 

11.  08 

50 

293.  055 

270.  00 

23.  055 

8.  539 

In  this  case  there  is  a  long  series  of  low  pressures  where  there  are  14 
steps  in  which  there  is  no  exception  to  the  rule  of  the  flow  increasing 
faster  than  the  pressure. 

Trials  of  flow  of  air  through  several  of  the  pieces  of  sandstone  were 
also  made  under  varying  low  pressures,  and  these  are  next  i^resented. 
To  measure  these  flows  the  same  aspirator  and  gage  were  used  as 
have  been  used  in  the  trials  just  described,  a  fittiug  being  provided 
(represented  in  fig.  32)  which  made  it  possible  to  couple  each  section  of 
the  stone  to  the  aspirator,  thus  enabling  them  to  be  used  for  air  or  for 
water  without  remounting  or  in  any  manner  altering  the  specimen. 
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The  samples  used  for  this  work  were  the  Madison  sandstones  Nos.  2 
and  3,  coupled  together;  the  Duunville  sandstone  No.  1;  the  Madison 
sandstones  Nos.  4  and  6,  and  the  Lake  Superior  sandstone  No.  1. 
Chips  cut  from  samples  Nos.  4  and  6  were  also  crushed  and  the  sand 
was  used  in  the  long  aspirator  tube  described  in  connection  with  the 
tests  made  with  No.  60  sand,  for  comparison  with  the  stone  in  the 
natural  condition. 

The  results  of  the  observations  are  put  into  two  condensed  tables 
which  follow.  Where  the  hows  have  been  reduced  to  cubic  centimeters 


Fig.  32. — Apparatus  for  measuring  flow  of  air  througii  rock  under  low  pressure;  used  with  apparatus 
in  lig,  40.   A,  connecting  piece;  B,  sample  and  mounting  cylinder. 


per  minute,  the  time  of  each  observation  varied  from  ten  to  thirty 
minutes,  according  to  the  rate  of  flow  through  the  specimen,  and  in 
all  of  the  sandstones  the  results  are  the  mean  of  three  trials,  except 
those  of  the  Dunnville,  which  are  single  observations  in  one  series. 
The  observations  on  the  crushed  sandstone  were  repeated  three  times 
in  each  of  two  separate  series  of  experiments,  so  that  these  values  are 
a  mean  of  six  determinations.  As  an  illustration  of  the  amount  of 
variation  which  occurred  in  duplicating  measurements  of  flow,  there  is 
given  below  one  of  the  series  of  measurements  for  a  sandstone  and  for 
the  sand  also. 


Table  showing  the  relation  of  pressure  to  flow  of  air  through  pieces  of  sandstone. 

[Time,  1  minute.] 


Pres- 
sure 

of 
water. 

Madison  sandstone,  Nos.  2 
and  3  coupled.    At  16.3o  C. 

Dunnville  sandstone,  No.  1. 
At  16.2°  C. 

Lake  Superior  sandstone,  No. 
1.    At  16.40  C. 

Mean 
observed 
How. 

Mean 
coni{)iited 
flow. 

Mean 
])er(»'nt- 
age  de- 
I)arture. 

Mean 
observed 
riow. 

Mean 
computed 
How. 

!Mean 
percent- 
age de- 
parture. 

Mean 
observed 
How. 

^lean 
comj)uted 
How. 

Mean 
I)erccnt- 
jiffc  de 
l)urture. 

Mm. 
10 
20 
30 
40 

O.c. 

6.  782 
14. 413 
21.977 

2'.).  42 

C.c. 

C.c. 
1.9766 
4,055 
5.  895 
8. 107 

C.c. 

C.c. 

4.2017 
8.  605 
13.  630 
18. 180 

C.c. 

13.  564 
20. 346 
27. 128 

4.97 
10.  09 
8.  45 

3.  953 
5. 930 
7.906 

2.  88 
— .  587 
2.  .54 

8. 403 
12.  605 
16. 807 

2.41 
.81 
8.  17 
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Table  showing  the  relation  of  pressure  to  flow  of  air  in  sandstone  and  in  the  sand  derived 

from  the  crushed  rock. 
[Time,  1  minute.] 


Pres- 
sure 
of 
water. 

Madison  sandstone,  No.  4. 
At  16.2°  C. 

Madison  sandstone,  No.  6. 
At  16.7°  C. 

Sand  from  crushed  Madison 
sandstone,  Nos.  5  and  6. 
At  16.5°  C. 

Mean 
observed 
flow. 

Mean 
computed 
flow. 

Mean 
percent- 
age de- 
parture. 

Mean 
observed 
flow. 

Mean 
computed 
flow. 

Mean 
percent- 
age de- 
parture. 

Mean 
observed 
flow. 

Mean 
computed 
flow. 

Mean 
percent- 
age de- 
parture. 

Mm. 
10 
20 
30 
40 

C.c. 
1.  7733 
3.815 
5.547 
7.  773 

C.c 

0.  c. 
1.  2207 
2.745 
3.  767 
5. 170 



C.c. 

C.c. 

4. 5718 
8.  851 
13.  623 
17.  707 

C.c. 

3.547 
5.220 
7.  093 

7.56 
6. 26 
9.59 

2.441 
3.662 
4.882 

12.  44 
2.  86 
5.89 

9. 144 
13.  716 
18. 287 

—3.  20 
—  .67 
—3. 18 

It  will  be  seen  from  these  two  tables  that,  with  the  saDclstones,  in 
the  15  comparisons  of  flow  with  pressure  there  is  but  one  exception  to 
the  rule  of  flow  increasing  faster  than  the  pressure,  the  percentage 
de|)artures  ranging  from  slightly  more  than  five-tenths  of  1  per  cent  to 
12  i^er  cent. 

It  will  be  seen,  however,  that  in  the  case  of  the  sand  derived  from 
the  crushed  rock  none  of  the  flows  have  increased  so  rapidly  as  the 
pressure.  This  reversal  is  what  should  be  expected  after  the  air  has 
attained  a  certain  velocity,  and  what  we  have  persistently  found  true 
when  much  higher  pressures  were  used  to  produce  the  flow  of  air 
through  these  same  samples,  as  will  be  reported  in  advance. 

But  the  case  of  another  sand  with  well-rounded  grains  has  already 
been  cited,  where  with  much  higher  velocities  than  those  here  produced 
under  the  same  ijressures  the  flow  did  increase  faster  than  the  pressure. 

The  relative  velocity  of  air  through  these  two  sands  will  be  better 
appreciated  if  they  are  brought  together  for  comparison,  as  below. 

Table  showing  the  comparative  flow  of  air  through  sand  and  crushed  sandstone. 


Pressure. 

Flow  through 
sand. 

Flow  through 
crushed 
sandstone. 

Mm. 

C.c. 

C.c. 

10 

24.  30 

4.  57 

20 

49.41 

8.  85 

30 

74.83 

13.62 

40 

101.  24 

17.  71 

The  two  sets  of  observations  appear  to  be  contradictory  and  to  throw 
doubt  upon  the  accuracy  of  the  data.  The  measurements,  however, 
were  repeated  too  many  times  in  both  cases,  and  the  agreement  between 
repeated  measurements  was  too  close  to  admit  of  such  an  explanation 
of  the  difliculty. 
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The  table  wliicli  follows  shows  what  agreement  was  obtained  between 
successive  trials  in  the  case  of  the  crushed  sandstone : 


Table  showing  the  relation  of  pressure  to  flow  of  air  through  crushed  sandstone. 


Time. 

Pressure 
of  water. 

Flow- 

Time. 

Pressure 
of  water. 

Flow- 

In  seconds 
of  dial. 

In  cubic 
centimeters. 

In  seconds 
of  dial. 

In  cubic 
centimeters. 

Min. 

Mm. 

Min. 

21m. 

10 

10 

560 

47. 15 

10 

30 

1,  625 

136.  8 

10 

10 

539 

45.39 

10 

30 

1,  633 

137.5 

10 

10 

541 

45.  55 

10 

30 

1,  645 

138.5 

10 

20 

1,046 

88.  08 

10 

40 

2,  078 

175.0 

10 

20 

1,032 

86.  90 

10 

40 

2,  092 

176.2 

10 

20 

1,  041 

87.66 

10 

40 

2, 118 

178.2 

The  next  table  shows  the  agreement  between  repeated  trials  in  the 
case  of  one  of  the  sandstones. 


Table  showing  the  relation  of  pressure  to  flow  of  air  in  Lake  Superior  sandstone  Xo.  1. 


Time. 

Pressure 
of  water. 

Flow- 

Time. 

Pressure 
of  water. 

Flow- 

In  seconds 
of  dial. 

In  cubic 
centimeters. 

In  seconds 
of  dial. 

In  cubic 
centimeters. 

Min. 

Mm. 

Min. 

Mm. 

10 

10 

498 

41.93 

10 

30 

1,  605 

135.  1 

10 

10 

498, 

41.93 

10 

30 

1,622 

136.6 

10 

10 

501 

42. 19 

10 

30 

1,  630 

137.2 

10 

20 

1,  023 

86. 14 

10 

40 

2,  190 

184.4 

10 

20 

1,  018 

95.  72 

10 

40 

2, 145 

180.6 

10 

20 

1,025 

86.31 

10 

40 

2, 142 

180.4 

It  onght,  perhaps,  to  be  expected  that  a  sand  made  up  of  angular 
grains  would  offer  greater  resistance  to  the  flow  of  air  through  it  than 
one  of  rounded  grains  would,  and  hence  that  a  velocity  at  which  this 
reversal  of  the  relation  of  flow  to  pressure  which  has  been  observed 
takes  place  should  be  much  less  for  a  medium  made  up  of  angular 
fragments. 

FLOW  OF  AIR  THROUGH  CAPILLARY  TUBES  OF  TRIANGULAR  SECTION. 

In  order  to  test  the  inHuence  of  the  shape  of  the  cross  section  of  a 
ca])illary  tube  on  the  flow  of  air  through  it  we  filled  a  tube  having  a 
diameter  of  11. (mS  inin.  with  Till  knitting  needles,  crowding  them  in  as 
closely  as  it  was  i)Ossible  to  do.    The  diameter  of  these  needles  was 
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1.0668  mm.  and  their  length  was  22.54  cm.  These  needles,  placed 
together  in  the  manner  described,  would  form  three-sided  cax^illary 
tubes  where  three  of  the  needles  came  into  contact,  but  having  sides 
convex  inward,  as  represented  in  fig.  56  of  Professor  Slichter's  paper 
(p.  308  of  this  volume).  If  they  did  not  come  into  complete  contact  then 
the  tube  would  have  a  form,  when  shown  in  section,  more  like  his  fig.  57. 
The  area  of  the  section  of  the  triangular  tube  would  be  0.0443  mm.,  thus 
making  an  area  given  by  a  circular  tube  having  a  diameter  of  0.2374  mm. 

This  piece  of  apparatus  was  mounted  so  as  to  be  used  with  the  aspi- 
rator for  the  very  low  pressures,  and  the  following  results  were  secured : 


TabJe  shotving  the  relations  of  pressure  to  flow  of  air  through  capillary  tubes  of  triangular 

section. 


Time. 

Pres- 
sure of 
"water. 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
parture. 

Time. 

Pres- 
sure of 
water. 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
parture. 

Min, 

Mm. 

C.c. 

C.c. 

Min. 

Mm. 

O.c. 

O.c. 

2 

1 

39.  4754 

2 

10 

402.7 

394.  75 

2.01 

2 

2 

80.  34 

78.95 

1.76 

2 

20 

786.2 

789.5 

—.42 

2 

3 

119.6 

118.  42 

.997 

2 

30 

1, 189.  8 

1, 184.2 

.47 

2 

4 

157.8 

157.  90 

— .  06 

2 

40 

1,  604.  6 

1,  579.  0 

1.62 

2 

5 

198.0 

197. 38 

.31 

2 

50 

1,  992.  9 

1,  973.  8 

.97 

The  results  in  this  table  are  the  mean  of  ten  series  of  observations 
for  the  first  five  pressures  and  five  series  for  the  five  higher  i)ressures. 
It  will  be  noticed  that  while  the  observations  show  a  close  agreement 
with  the  Poiseuille-Meyer  law  as  regards  pressure,  there  is  neverthe- 
less a  decided  indication  that  under  these  conditions  the  flow  increases 
faster  than  the  pressure,  there  being  only  two  reversals  in  the  series  of 
ten  pressures. 

A  fine  capillary  tube  about  6  inches  long  was  next  drawn  out,  one 
end  being  left  attached  to  the  tube  from  which  it  was  drawn,  and  the 
following  results  were  obtained  with  that,  the  figures  given  indicating 
observed  and  computed  flows  per  ten  minutes  in  seconds  of  dial: 

Table  showing  the  relation  of  pressure  to  flow  of  air  through  glass  capillary  tube. 


Pressure  in 
millimeters. 

Observed 
flow. 

Computed 
flow. 

• 

10 

570 

570 

20 

1, 165 

1, 140 

30 

1,  770 

1,710 

40 

2,  315 

2, 280 

50 

2,  850 

2,  850 

These  measurements  show  the  same  variation,  but  fall  into  exact 
agreement  with  the  law  at  a  pressure  of  50  mm.  of  water. 
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When  a  somewhat  larger  tube  tban  tliis  was  used,  tbe  following 
results  were  obtained  per  teu  minutes  in  seconds  of  dial: 

Table  showing  the  relation  of  pressure  to  flow  of  air  through  glass  capillary  tubes. 


Pressure  in 
millimeters. 

Observed 
tlow. 

Computed 
tlow. 

Percentage 
departure. 

10 

2,  470 

2,  470 

20 

4,  858 

4,  940 

1.66 

30 

7,  277 

8,410 

L58 

40 

9,816 

9.  «80 

.65 

50 

12,  260 

12,  350 

.73 

In  this  case  there  is  not  a  large  departure  from  the  law,  but  it  is  in 
the  opposite  direction;  the  flow  under  the  two  highest  pressures  being, 
however,  almost  in  exact  accord  with  the  law. 

The  chief  value  of  these  two  sets  of  observations  is  found  in  the  fact 
that  they  show  that  the  apparatus  we  have  been  using  is  capable  of 
giving  results  under  the  conditions  of  simple  capillary  tubes,  which 
agree  with  those  found  by  Meyer  and  other  investigators. 

FLOW  OF  WATER  THROUGH  CAPILLARY  TUBES  UNDER  HIGH 

PRESSURE. 

In  order  to  test  the  apparatus  for  measuring  the  flow  of  water  through 
sand  and  stones,  two  pieces  of  thermometer  tubing  which  had  been  used 
for  high-grade  thermometers  were  selected.  No.  I  had  a  length  of 
5.7  cm.,  and  a  diameter  of  0.01912  cm.  Tube  No.  II  had  a  length  of 
44. S  cm.,  and  a  diameter  of  0.02078  cm.,  the  diameters  in  both  cases 
being  determined  by  filling  with  mercury  and  weighing. 

These  tubes  were  used  on  the  same  apparatus  for  filtering  the  water 
which  was  used  for  the  stones  and  sand,  and  both  the  mercury  and 
water  manometers  were  used  for  measuring  the  pressure  which  was 
taken  out  at  the  head  of  the  filter  next  to  the  tube. 

EXPERIMENT  I.— TUBE  NO.  I. 


Table  showing  the  relation  of  pressure  to  flow  of  water  through  glass  thermometer  tube. 


Time. 

Tempera- 
ture. 

Pressure  of 
mercury. 

Flow. 

Computed 
tlow. 

Minutes. 

10  

17.7 
17.7 
17.7 

Feet. 
2. 4575 
2.  4575 
2. 4575 

Grams. 
10.  1 
9.9 
10.0 

Grams. 

10  

10  

10.0 

10  

17.7 
17.  7 
17.7 
17.  7 

.494 
.494 
.  49t 

1.9 

2.0 

2.  1 

10  

10  

10  

.  1.9 

Moan  

1.  975 

2.  01 
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In  this  case  the  flow  has  increased  faster  than  the  pressure,  but  the 
amount  is  only  1.74  per  cent. 

EXPERIMENT  II.— TUBE  NO.  I. 

In  this  case  the  recently  boiled  water  which  has  been  referred  to 
before  was  used,  and  below  are  the  results  obtained: 

Tadle  showing  the  relation  of  pressure  to  flow  of  boiled  water  through  glass  thermometer 

tube. 


Time. 

Tempera- 
ture. 

Pressure  of 
mercury. 

Observed 
flow. 

Computed 
flow. 

Percentage 
departure. 

Minutes. 

1 A 

20.7 
20.7 
20.7 

J:  eel, 
2. 4623 
2. 4623 
2. 4623 

Gi'ciTns . 
10.3 
10.5 
10.2 

Gtclitxs  . 

1  f\ 

1  A 

10. 275 

1  A 

20.8 
20.8 
20.8 

1. 81816 
1.  81816 
1. 81816 

7.3 
7.3 
7.3 

 _ 

1  A 

1  A 

7.3 

7.586 

3.  77 

10  

20.9 
20.9 
20.9 

1. 157 
1. 157 
1. 157 

4.6 
4.6 
4.6 

10  

10...  

Mean  

4.6 

4. 83 

«4.672 

10  

21.0 
21.0 
21.0 

.786 
.786 
.786 

3.1 
3.1 
3.1 

10  

10  

Mean  

3.1 

3.27 

— t  

5. 199 

20  

21.1 
21.2 
21.  2 

.4713 
.4713 
.4713 

3.  45 
3.  45 
3.45 

20  

20  

3.45 

3.  932 

12. 26 

In  this  case,  as  in  the  last  one,  there  is  a  flow  increasing  faster  than 
the  pressure  by  per  cents,  increasing  from  3.77  to  12.26. 

EXPERIMENT  I.— TUBE  NO.  II. 

These  measurements  were  made  on  the  day  following  those  of  the 
last  series,  a  water  manometer  being  used  instead  of  one  of  mercury. 
This,  for  the  high  pressures,  consisted  of  a  straight  quarter-inch  gal- 
vanized pipe  extending  directly  up  through  the  several  floors  of  the 
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laboratory  to  the  attic  from  the  end  of  the  filter  next  to  the  tube,  as 
shown  in  fig.  30  (p.  130),  but  ending  above  in  a  gLass  tube.  The  low 
pressure  was  measured  in  the  same  manner  in  a  straight  glass  tube. 

Table  shoiving  the  relation  of  pressure  to  flow  of  water  throuyh  thermometer  tube. 


Time. 

Tempera- 
ture. 

Pressure  of 
water. 

Observed 
flow. 

Computed 
flow. 

Percentafie 
departure. 

Minutes. 
20 
20 
20 

OA 

o  C. 
23.3 
23.  9 

Jo.  D 
Zo.  o 

Feet. 
5.  30 
5.  30 

O.  oU 

X  QA 

0.  oU 

Grams. 
1. 15 
1.  25 
1. 15 

1  OA 

Grams. 

80 

4.85 

6. 132 

20.  90 

10 
10 
10 
10 
10 
20 
10 

23.8 
23.9 
23.9 

32.  521 
32.  521 
32. 521 
32. 521 
32.  521 
32. 521 
32. 521 

4.30 
4.40 
4.70 
4.80 
4.90 
9.  70 
4.85 





23.  85 
23.  85 

80 

37.  65 

In  this  case  also  there  is  a  very  n:arked  increase  of  flow  faster  than 
the  pressure,  amounting  to  more  than  20  per  cent. 

EXPERIMENT  II.— TUBE  NO.  II. 

The  measurements  thus  far  reported  have  all  been  made  by  allowing 
the  water  to  fall  from  the  end  of  the  capillary  tube  into  an  open  beaker 
in  which  it  was  weighed  on  a  Springer  torsion  balance  sensitive  to  0.1 
gram.  It  should  be  said  also  that  the  tubes  were  placed  in  a  horizontal 
I)osition.  In  this  condition  there  would  be  some  loss  of  water  by  evap- 
oration, and  as  the  percentage  loss  from  the  low-pressure  flows  would 
be  greater  than  those  from  the  high  pressures,  the  discharges  in  this 
series  were  made  to  take  place  into  a  large  test  tube  closed  with  a  cork, 
through  which  the  capillary  tube  extended,  and  provided  witli  a  small 
vent.  Water  enough  was  left  in  tlie  tube  to  immerse  the  capillary  tube 
so  that  the  discharge  could  take  place  under  water  and  tlins  avoid  the 
formation  of  drops.  The  flask  and  capilhiry  tube  were  weighed  together 
on  a  chemical  balance  before  and  after  each  observation,  and  care  was 
taken  to  shut  ott'both  the  supply  pipe  and  pressure  gage  at  the  instant 
of  closing  the  experiment.  In  beginning  an  ex])eriment  the  water  was 
allowed  to  How  througli  a  side  oi)ening  to  avoid  pressure  on  the  capil- 
lary tube  until  the  moment  of  starting  had  arrived. 
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The  following  are  the  results  secured  in  these  trials: 

Table  showing  the  relation  of  pressure  to  flow  of  water  through  thermometer  tube. 


Time, 

Tempera- 
ture. 

Pressure  of 
water. 

Observed 
flow. 

Computed 
flow. 

Percentage 
departure. 

Minutes. 

10 
10 

•  oc. 
22.2 
22.2 

Feet. 
5.  577 
5.577 

Gi'ams. 
.8770 
.8530 

Grams. 

20 

1.  7300 

1. 7583 

1.61 

10 
10 

22.2 
22.2 

36. 153 
36. 153 

5.7115 
5. 6873 

t 

20 

11. 3988 

In  this  series  too,  although  the  differences  are  much  smaller  than  in 
the  last  series,  they  are  in  the  direction  of  a  flow  increasing  faster  than 
the  pressure,  and  yet,  so  far  as  is  known,  everything  has  been  done 
which  should  be  done  to  bring  them  together. 

FLOW  OF  AIR  UNDER  HiaH  BUT  VARIABLE  PRESSURE  THROUGH 
POROUS  IMEDIA  AND  CAPILLARY  TUBES. 

Since  the  flow  of  water  under  high  i^ressures  through  porous  media 
has  not  been  found  to  be  directly  proportional  to  the  pressure,  and 
since  the  flow  of  air  under  constant  low  pressures  has  been  found  to 
increase  faster  than  the  pressure,  even  in  capillary  tubes,  it  is  important 
to  know  what  is  true  regarding  the  flow  of  air  under  higher  i)ressures. 

It  was  not  x)racticable  to  adopt  the  method  used  for  the  flow  of  air 
under  low  iDressures  for  the  higher  jiressures,  and  hence  resort  was  had 
to  the  method  used  by  Meyer,  Hoffman,  and  others  of  permitting  the 
flow  to  take  place  under  constantly  varying  pressures. 

The  apparatus  here  used  is  represented  in  fig.  33  and  consisted  of  a 
galvanized-iron  cylinder  holding  nominally  40  gallons,  provided  with  a 


Fig.  33. — Apparatus  for  measuring  flow  of  air  througli  rock  and  soil  under  high  pressure.   A,  sample; 
B,  air  reservoir ;  C,  pressure  gage;  D,  comxiression  pump. 


Bourdon  pressure  gage  which  was  calibrated  by  comparison  with  a 
mercurial  manometer  at  the  even  pound  marks  from  15  pounds  down 
to  2  pounds. 
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By  meaus  of  a  compression  pump  the  reservoir  was  charged  until  a 
pressure  somewhat  above  that  at  which  the  observations  were  to  begin 
was  reached  and  then  allowed  to  rest  until  it  had  come  into  a  tempera- 
ture equilibrium  with  the  surroundings.  The  specimen  through  which 
the  flow  was  to  be  measured  was  then  connected  with  the  reservoir  and 
the  cock  A  was  opened,  and  the  time  was  recorded  at  which  the  gauge 
index  reached  the  even  pound  marks  from  15  down  to  2  pounds. 

Measurements  were  made  of  the  flow  of  air  through  tubes  filled  with 
wire  gauze,  dust  shot,  several  sands,  several  of  the  sandstones,  and  the 
two  capillary  tubes  used  in  the  last  section,  and  the  results  are  given  in 
the  tables  which  follow. 

To  show  whether  or  not  the  flow  of  the  air  through  these  media  was 
proportional  to  the  pressure, .  the  suggestion  of  Professor  Slichter 
was  followed  in  using  the  formula  employed  by  Meyer,  Hofl'man,  and 
others — 


where  C  should  be  constant  if  the  Poiseuille-Meyer  law  holds  true. 

P  is  the  pressure  in  the  reservoir  at  the  beginning  of  the  experiment; 
p  is  the  pressure  in' the  reservoir  at  the  close  of  the  experiment;  pi  is 
the  constant  pressure  at  the  free  end  and  t  is  the  time. 

All  measurements  of  pressure  are  given  in  feet  of  mercury  and  the 
atmospheric  pressure  is  expressed  in  the  same  terms. 

In  giving  the  values  of  0  in  the  tables  pi  has  been  omitted  from  the 
expression  pit  and  the  results  have  been  multiplied  by  100,000  to  avoid 
the  printing  of  long  decimal  fractions  in  the  tables.  The  equation  as 
used  in  the  table  stands  thus : 


headed  C  in  the  tables. 

The  experiments  were  all  conducted  in  the  main  laboratory  and  were 
subject  to  the  ordinary  diurnal  changes  of  temperature  which  occurred 
during  the  time  of  the  observations,  and  as  it  was  impracticable  to 
record  the  temperature  of  the  apparatus  through  which  the  air  was 
passing  at  the  time,  this  has  been  omitted. 


=  0, 


Pit 


and  this  should  be  understood  as  representing  the  values  in  the  columns 
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The  values  assigned  to  the  pound  marks  on  the  dial  of  the  Bourdon 
gage,  from  which  the  pressures  were  read,  are  the  mean  of  live  sepa- 
rate determinations.  As  these  readings  will  serve  to  show  what  allow- 
ance should  be  made  in  considering  the  determinations  of  pressure  for 
the  several  experiments  which  are  recorded,  they  are  given  in  the 
following  table : 

Table  showing  results  obtained  in  calibj'ating  the  pressure  gage  on  the  air  reservoir. 


Pouuds. 

1. 

2. 

3. 

4. 

5. 

Mean. 

Logarithm. 

15 

2. 4685 

2. 4685 

2. 4695 

2. 4700 

2. 4690 

2.  4691 

0. 392509 

14 

2.  3325 

2.  3130 

2. 3120 

2.  3125 

2. 3120 

2. 3124 

.  364061 

13 

2. 1545 

2. 1575 

2. 1595 

2. 1530 

2. 1550 

2. 1559 

. 333629 

12 

1,  9555 

1.  9605 

1.  9625 

1.  9627 

1. 9640 

1.  96104 

. 292487 

11 

1.  7715 

1.  7740 

1. 7755 

1.  7720 

1.  7740 

1.  7734 

. 248807 

10 

1.  5830 

1.  5850 

1.  5870 

1.  5870 

1. 5815 

1. 5847 

. 199947 

9 

1.  4300 

1.  4360 

1.  4310 

1.  4340 

1.  4320 

1. 4326 

. 156125 

8 

1. 2770 

1.  2710 

1. 2615 

1.  2645 

1.  2635 

1.  2675 

. 102949 

7 

1. 1020 

1. 1040 

1. 1050 

1. 1065 

1.1110 

1. 1057 

. 043637 

6 

.9255 

.9285 

.9310 

.9315 

.9250 

.9283 

T. 967688 

5 

.7895 

.7920 

.  7855 

.788 

.7875 

.7885 

T.  896802 

4 

.6105 

.6100 

.  6105 

.611 

.  6105 

.6105 

T.  785686 

3 

.4370 

.4430 

.4400 

.440 

.4395 

.4399 

I.  643354 

2 

.2555 

.2550 

.2565 

.  2585 

.2475 

.2546 

I.  405858 

In  order  to  reduce  to  a  minimum  the  errors  in  reading  the  gage 
which  are  due  to  the  friction  of  the  needle,  it  was  the  custom  to  jar  the 
gage  gently  but  continuously  at  the  time  when  the  finger  was  passing 
the  index  mark. 
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lu  the  tables  which  follow,  the  first  coliinia  contains  the  nominal  pres- 
sures at  which  the  times  were  recorded,  and  the  second  column  contains 
the  real  pressures  of  the  air  in  the  reservoir.  The  values  in  the  columns 
headed  ''Time"  represent  the  time  in  seconds  required  for  the  pressure 
to  fall  from  one  point  to  another.  The  values  in  the  columns  headed  C 
should  all  be  equal  if  the  flow  of  air  were  proportional  to  the  pressure. 


Table  showing  the  relation  of  pressure  to  flow  of  air  through  porous  media. 


Pressure. 

Pressure  of 
mercury. 

Wiregauze. 

Dust  shot. 

Length,  1  foot. 

Length,  2  feet. 

Length,  2.975  feet. 

Length,  5.95  feet. 

Time. 

'  1^2=2.4558. 

c. 

Time. 

^2=^2.464. 
C. 

Time. 

^2=2.4375. 
C. 

Time. 

i)2=2.4458. 
C. 

Pounds. 

Feet. 

Sees. 

Sees. 

Sees. 

Sees. 

15 

2. 4691 

11 

2.  3124 

3 

639. 87 

5 

384.  30 

7 

273.  50 

12 

159. 75 

13 

2. 1559 

4 

521. 45 

6 

347.  98 

7 

297.  25 

14 

148.  79 

12 

1.961 

4 

725. 50 

7 

414.  97 

10 

289.  56 

16 

178.04 

11 

1.  7734 

5 

634.  48 

7 

453.  60 

11 

287.  80 

19 

169.  40 

10 

1. 5847 

5 

724.  50 

9 

403.  57 

13 

278.  70 

20 

180.  94 

9 

1.  4326 

5 

649.  80 

9 

372. 50 

11 

304.  02 

20 

167.  34 

8 

1.  2675 

5 

833. 64 

8 

521.  40 

11 

378. 30 

19 

219.  20 

7 

1. 1057 

7 

683.  20 

10 

478. 58 

15 

318.  40 

23 

207.  77 

6 

.9283 

9 

701. 10 

13 

485. 10 

13 

370. 27 

30 

210. 19 

5 

.  7885 

9 

670.  50 

13 

465.  02 

19 

317. 66 

29 

207.  97 

1 

.6105 

11 

884.  90 

17 

562.  80 

21 

463.  09 

38 

256.  02 

3 

.4399 

14 

919.  66 

23 

559.  30 

30 

428.  59 

52 

247.  50 

2 

.2546 

20 

1, 110.  67 

30 

711.50 

42 

528.  83 

73 

304. 20 
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Table  showiiuj  the  relation  of  pressure  to  flow  of  air  through  sand. 


No.  20  sand. 

No.  80  sand. 

No. 

100  sand. 

Pressure  of 
mercury. 

Length,  2.975  feet. 

Length,  5.95  feet. 

Length.  5.95  feet. 

Length,  5.95  feet. 

Time. 

p.2=2.i8i. 
C. 

Time 

J92=2.484. 
C. 

Time. 

2)2=2.4775. 
C. 

Time. 

2)2=2.4775. 
C. 

Pounds. 

Feet. 

ISecs. 

Sees. 

Sees. 

Sees. 

15 

2.  4691 

14 

2. 3124 

29 

66.  43 

45 

42.81 

52 

36.  91 

63 

30.  47 

13 

2. 1559 

36 

58. 14 

47 

44.  53 

60 

35.01 

73 

28.  78 

12 

1.961 

43 

67.  71 

62 

46.  96 

69 

42. 12 

86 

33.  80 

11 

1.7734 

50 

65.  64 

67 

48.99 

79 

40. 14 

92 

34.47 

10 

1. 5847 

54 

67.40 

74 

49.81 

81 

45. 13 

121 

30.21 

y 

J.,  to^o 

52 

64.59 

69 

48.  68 

76 

43.56 

85 

38.95 

.  8 

1.  2675 

52 

80. 35 

70 

59.  69 

80 

52. 26 

90 

46. 46 

7 

1. 1057 

64 

74.  89 

88 

54.47 

94 

50. 91 

116 

41.26 

6 

.9283 

82 

77.01 

100 

63.15 

111 

56.  76 

141 

44.  68 

5 

.7885 

81 

74.72 

119 

50.  86 

113 

53.  54 

141 

42.  91 

4 

.6105 

102 

95.56 

128 

76.  31 

134 

72.  72 

170 

57.  32 

3 

.  4399 

140 

92.01 

180 

71.56 

183 

70.37 

228 

56. 44 

2 

.  2546 

210 

105.  87 

261 

85.  20 

264 

84.  22 

325 

68.  41 

No. 

60  sand. 

Pressure. 

Pressure  of 
mercury . 

Length,  5.95  feet. 

Mean. 

Time. 

^2=2.4775. 
C. 

Time.  ^ 

j.2=2.4775. 
C. 

Time. 

Pi 

=2  4775 
C. 

Time. 

2)2=2.4775. 
C. 

Poxinds. 

Feet. 

Sees. 

Sees. 

Sees. 

Sees. 

15 

2.  4691 

14 

2.  3124 

47- 

40. 84 

52 

36. 91 

48 

39.99 

49 

39.  247 

13 

2. 1559 

60 

35.  01 

59 

35.61 

64 

32.  83 

61 

34, 843 

12 

1.961 

74 

39.28 

77 

37.  75 

73 

39. 82 

74.6 

38. 950 

11 

1.  7734 

79 

40. 14 

76 

41.72 

77 

41. 18 

77.3 

41.  013 

10 

1. 5847 

87 

42.  01 

89 

41.07 

84 

43.51 

86.7 

42. 197 

Q 

i.  4oJD 

78 

42.  45 

105 

31.53 

81 

40.  88 

79.5 

41.  665 

8 

1. 2675 

89 

46.  98 

89 

46.  98 

87 

48.  06 

88.3 

47.  340 

7 

1. 1057 

99 

48.  34 

100 

47. 86 

100 

47.86 

99.7 

48. 020 

6 

.9283 

122 

51.  64 

121 

52.07 

122 

51.64 

121.7 

51.  783 

5 

.7885 

124 

48.79 

121 

50.  00 

122 

49. 59 

122. 3 

49.  460 

4 

.6105 

156 

62. 46 

156 

62. 46 

152 

64. 11 

154.  7 

63.  010 

3 

.4399 

202 

63.  75 

209 

61.61 

204 

63. 12 

205 

62. 827 

2 

.  2546 

283 

78.56 

276 

80.  56 

279 

79.69 

279.3 

79.  603 
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From  these  tables  it  is  very  evident  that  in  no  case  has  the  Poiseuille- 
Meyer  law  been  confirmed,  the  flow  in  every  case  being  very  much 
slower  than  is  called  for.  Had  the  law  been  fulfilled^  all  values  in  the 
columns  headed  C  would  have  been  equal,  or  nearly  so  5  but  as  it  is,  the 
flow  has  been  too  slow  by  large  amounts.  When  comparison  is  made 
between  the  constants  for  the  highest  pressures  and  those  for  the  low- 
est pressures,  it  will  be  found  in  each  case  that  the  flows  under  the  high 
pressures  have  been  too  slow  by  the  following  percentage  amounts: 

Table  showing  percentages  of  sloicness  of  floiv  of  air  tlirougli  different  materials  as  com- 
pared ivith  requirements  of  FoiseuiUe-Meyer  law. 


Material. 


Wire  gauze. 

Do  

Dust  shot  . . 

Do  

No.  20  saud. 

Do  

No.  60  sand. 
No.  80  sand. 
No.  100  saud 


The  pores  formed  by  the  elements  which  make  vl])  the  diflerent  media 
through  which  we  have  measured  the  flows  constitute  long  capiUary 
tubes,  which  have  a  somewhat  triangular  section  similar  to  those 
formed  by  the  knitting  needles  which  have  been  considered.  The  pores, 
however,  are  not  straight  and  are  not  of  uniform  diameter  in  all  sec- 
tions, as  Professor  Slichter  shows  in  his  paper,  page  314.  He  has 
concluded  that  the  mean  eflective  area  of  the  section  of  the  pore  for 
spherical  grains  of  the  same  diameter,  when  they  have  the  closest  pack- 
ing possible,  is  about  0.1475  time  the  square  of  the  radius  of  the  grain. 

Assuming  that  this  estimate  is  correct,  we  may  state  the  dimensions 
of  the  capillary  pores  through  which  the  measured  flows  given  in  the 
table  have  taken  place.  The  efl^ective  sizes  of  the  grains  have  been 
determined  by  a  method  which  will  be  described  later,  and  using  these 
values  and  that  stated  above  we  get  the  results  given  in  the  next  table, 
in  which  has  also  been  given  the  diameter  of  a  circular  tube  having  the 
same  area  of  cross  section. 


Thickness. 


Highest- 
pressure 
flow  too 
slow  hv — 


Feet. 
2 
1 

5.  95 

2.  975 

5.95 

2.  975 

5.95 

5.95 

5.95 


Per  cent. 

85. 15 
78.57 
90.  43 
93.  35 
99.  25 
59.  37 
102. 80 
128.2 
124.5 
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Table  showing  dimensions  of  pores  in  the  wire  gauze,  shot,  and  sands  of  the  foregoing 

tables. 


^Medium . 

Length  of 
tube. 

Effective 
diameter  of 
grain. 

Effective 
area  of 
pore. 

Diameter 
of  circular 

pore  of 
equal  area. 

Wire  gauze : 

Cm. 

Mm. 

Sq.  mm. 

Mm. 

1  

30. 48 

2  

60. 96 

0. 1316 

0.  4093 

Jjust  snot  I 

-1 

2 

181.  356 

1 

.0369 

.2260 

No.  20  sand : 

1  

90.  678 

.  4745 

.00831 

.1028 

2  

181.356 

.  4745 

. 00831 

.  1028 

No.  60  sand  

181.  3.56 

.1551 

. 000887 

.0336 

No.  80  sand  

181.  356 

.1143 

. 000482 

.  0248 

No.  100  sand  

181.  356 

.0826 

. 000252 

.0179 

Meyer's  Tube  No.  II  

155.3 

.  1114 

.3766 

In  this  table  lias  been  placed  the  dimensions  of  Meyer's  capillary 
Tube  Ko.  Ily  which  is  one  of  those  used  by  him  in  demonstrating  that 
the  law  of  Poiseuille  holds  for  air.  Below  is  given  a  set  of  his  observa- 
tions with  this  tube  to  show  how  different  the  flow  has  been. 


Table  showing  departures  from  constant  logarithmic  differences  in  obserrations  of  Meyer 

with  Tube  Xo.  II. 


Exper- 
iment. 


Pressures  of  mer- 
cury. 


Millimeters. 
1,  346.  7  to  344.  9 
1,  326.  7  to  392.  8 
631.  7  to  152.  0 
662.  4  to  386.  6 
700.4  to  195.2 
619.  0  to  131. 0 


Departures  of  flow  from  first  logarithmic  con- 
stant. 


0.  0362 
.0373 
.0528 
.0205 
.0195  +1 
.0552  —2 


+3 
—3 
— 1 
+8 


—2 
—4 
0 
+2 
+3 
—6 


—9 
— 5 

+5 
+4 
+2 
—8 


—  5 

—  6 
+10 
+  5 
+.  1 


—  7 

—  5 
+13 
+  6 
+  2 


—6 
— 5 


—9 


Per  cent  of  depar- 
ture. 

Small- 
est. 

Largest. 

0. 5525 

2.486 

.804 

1.  609 

2.  462 

.976 

3.903 

.513 

1.538 

.362 

1.449 

The  pressures  used  when  expressed  in  millimeters  of  mercury  ranged 
from  752.5  to  77.6,  while  Meyer's  pressures  ranged  from  1,346.7  to 
131  mm.,  as  given  in  the  following  table,  yet  the  largest  percentage 
departure  from  the  law,  as  shown  by  his  logarithmic  differences,  is 
3.903.    But  the  length  of  his  tube  was  155.3  cm.,  while  the  sand  col- 
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limns,  wlieu  the  tube  was  full,  had  a  length  of  181.3  cm.,  which  is 
longer  than  his.  Further  than  this,  the  diameter  of  his  tube  was 
0.370G  mm.,  which  is  longer  than  those  of  the  coarsest,  or  l^o.  20,  sand, 
or  0.1028  mm.,  supposing  the  grains  to  be  of  uniform  diameter  and  to 
possess  the  closest  packing  i)ossible.  It  is  true,  however,  that  these 
grains  are  neither  spherical  nor  uniform  in  diameter;  neither  did  they 
l^ossess  the  closest  i^ossible  packing,  and  hence  it  follows  that  the 
actual  pores  through  which  the  flow  occurred  in  this  sand  may  have 
been  larger  than  the  dimension  given  in  the  table,  namely,  0.1028  mm. 

But  be  this  as  it  may,  there  can  be  no  doubt  that  the  effective  diam- 
eters of  the  pores  in  sands  Nos.  60,  80,  and  100  are  smaller  than  that 
of  Meyer's  tube.  It  would  appear,  therefore,  that  did  the  Poiseuille- 
Meyer  law  hold  for  sands  under  like  pressures  a  closer  agreement  than 
has  been  observed  should  have  been  found. 

FLO\y  OF  AIR  THROUGH  SANDSTONES. 

Next  will  be  given  a  series  of  similar  observations  on  the  flow  of  air 
through  sandstones,  where  the  same  apparatus  was  used.  These  spec- 
imens of  stone  had  been  rendered  water  free  by  drying  in  the  oven 
before  they  were  mounted  in  the  cylinders,  but  remained  exposed  to 
the  air  after  mounting,  so  they  may  have  contained  varying  amounts 
of  hygroscopic  moisture. 


Table  shoiviiig  the  relation  of  pressure  to  jlow  of  air  tJtrongh  Madison  sandstone. 


Pressure. 

Pressurs  of 
mercurj-. 

Sandstone  No.  2. 
Length.  ]. 71  inches 
(4.343  ciu.). 

Sandstone  No.  3. 
Length.  3.06  inches 
(7.772  cm.). 

Sajdstones  Nos.  2  and 
3.  Length,  4  77  inch-es 
(12.115  clu.^ 

Time. 

p.2=2.47. 
C. 

Time. 

j^2=^-47. 
C. 

Time. 

p.,—2A7. 
C. 

Pounds. 

Feet. 

Seconds. 

Seconds. 

Seconds. 

15 

2.4691 

14 

2. 3124 

21 

91.  31 

38 

50.  46 

60 

31.96 

13 

2. 1559 

25 

83.95 

47 

44.  66 

70 

29.  98 

12 

1. 1961 

40 

72.  60 

57 

50.  95 

83 

31.  99 

11 

1. 7734 

32 

99.  02 

64 

49.  51 

92 

34.44 

10 

1.5847 

44 

84.  94 

70 

52. 18 

111 

32.90 

9 

1.  4326 

41 

81.91 

70 

47.98 

101 

33.  25 

8 

1.2675 

47 

88.90 

79 

52.89 

121 

34. 53 

7 

1. 1057 

57 

83. 91 

96 

49.  82 

146 

32.  76 

6 

.  9283 

70 

S9.  i)6 

IK) 

54.  29 

178 

35.  38 

5 

.  7885 

77 

7S.  54 

130 

46.  52 

195 

31.01 

i 

.6105 

98 

99.40 

172 

56.  63 

271 

35. 94 

3 

.4399 

.  138 

93.  29 

258 

49.90 

.388 

33.  18 

9 

'• 

.  2546 

205 

108.  40 

374 

59.  1 1 

(kU) 

35.  29 
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Table  showing  the  relation  of  pressure  to  flow  of  air  through  Dunnville  sandstone. 


Pressure. 

Pressure 
of  mercury. 

Sandstone  No.  3. 
Lenfrth,  1.62  inches 
(4.115  centimeters). 

Sandstone  No.  1. 
Length,  4.02  inches 
(10.211  centimeters). 

Sandstone  Nos.  1  and  3. 
Length,  5.64  inches 
(14.324  centimeters). 

Time. 

09=2.47. 
C. 

Time. 

_P2=2.47. 
C. 

Time. 

_29o=2.47. 
C. 

Pounds. 

Feet. 

Seconds. 

Seconds. 

Seconds. 

15 

2. 4691 

14 

2.  3124 

84 

22. 83 

193 

9.  936 

305 

6.287 

13 

2. 1559 

95 

22.09 

220 

9.  540 

335 

6.265 

12 

1.  961 

122 

23.81 

270 

10.  76 

425 

6.  833 

11 

1.  7734 

129 

24.  56 

310 

10.22 

470 

6.  741 

10 

1.  5847 

161 

22.69 

352 

10.  38 

544 

6.714 

9 

1.  4326 

153 

21.95 

330 

10.18 

541 

6.  208 

8 

1. 2675 

173 

24.15 

391 

8.590 

580 

7.204 

7 

1. 1057 

209 

22.88 

467 

10.  24 

732 

6.534 

6 

.9283 

259 

24.  31 

575 

10.  95 

863 

7.297 

. .  5 

.7885 

301 

20.  09 

648 

9.333 

1,  080 

5.600 

.6105 

385 

25.30 

930 

10.  47 

1,405 

6.  949 

3 

.4399 

550 

23.41 

1, 193 

10.  79 

1,  940 

6.  636 

2 

.2546 

923 

24.08 

2,  004 

11.09 

3,  027 

7.  344 

In  these  cases  it  is  plain  that  here  also  the  flow  has  not  conformed 
with  the  law,  the  amount  passing  through  in  a  given  time  under  the 
different  jiressures  being  less  than  would  be  computed. 

If  the  percentage  departures  are  computed  in  the  same  manner  as 
with  the  sands  the  following  results  are  obtained: 

Percentage  departure  from  Poiseuille-Meijer  law  in  Madison  and  Dunnville  sandstones. 


Highest- 

Sandstone. 

Length  of 
sample. 

pressure 
flow  too 

slow  by — 

Centimeters. 

Per  cent. 

Madison  

4.  343 

10. 44 

Do  

7.  772 

17.  80 

Do  

12. 115 

10. 42 

Dunnville  

4.115 

5.475 

Do  

10.211 

13.1 

Do    

14.32 

16.8 

Here  are  shown  departures  ranging  from  5  to  16  per  cent,  and  while 
these  are  very  much  smaller  than  those  observed  in  the  coarser  sands, 
they  are  still  too  large  and  too  persistent  throughout  the  six  series  to 
be  explained  by  errors  of  observation. 
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One  of  the  samples  of  Dunnville  stone  was  crushed  in  a  mortar  and. 
separated  into  its  constituent  grains.  The  sand  was  filled  into  the 
aspirator  tube  and  the  rate  of  flow  of  air  through  this  measured  to 
determine  the  eflective  size  of  the  individual  grains.  The  size  found 
was  0.03G35  millimeter,  and  using  the  equation, 

Area  of  pore  =  .1475  x  R^, 

we  get  an  area  of  cross  section  of  the  eflective  pore  in  this  case  amount- 
ing to  0.00004875  square  millimeter,  and  from  this  the  diameter  of  the 
pore  is  found  to  be  .007878  millimeter.  This  is  a  small  capillary  tube 
and  one  whose  diameter  is  contained  in  the  combined  length  of  the  two 
pieces  which  were  used  together  for  the  results  given  in  the  table 
17,307  times.  Meyer  concludes  from  his  experiments  that  with  capil- 
lary tubes  for  air  the  proper  ratio  of  length  to  diameter,  in  order  that 
the  law  may  hold,  is  about  1  to  (3,000.  As  Professor  Slicliter's  studies 
would  make  the  lengths  of  these  pores  about  1.06  times  the  length  of 
the  stone  measured  straight,  it  is  plain  that  the  ratio  of  length  of  pore 
to  diameter  of  pore  is  not  such  as  would  be  expected  to  cause  a  depar- 
ture from  the  law  of  Poiseuille. 

It  would  therefore  appear  that  if  the  law  holds  at  all  for  these  stones 
its  range  must  be  limited  by  far  slower  velocities  than  may  obtain  for 
straight  capillary  tubes  with  smooth  walls.  We  have  already  shown 
that  under  pressures  ranging  from  1  mm.  up  to  possibly  50  mm.  the 
flow  of  air  through  these  particular  specimens  did  increase  a  little  faster 
than  the  pressure.  The  inference  might  naturally  be  made  from  these 
two  sets  of  measurements  with  the  sands  and  the  stones  that,  since  the 
flow  increases  more  rapidly  than  the  pressures  under  those  which  are 
very  low  and  does  not  increase  so  rapidly  under  pressures  which  are 
higher,  there  must  be  a  range  of  pressures  somewhere  between  these  two 
limits  where  the  rate  of  flow  will  be  found  to  increase  in  accordance 
with  the  Poiseuille-Meyer  law. 

Still,  if  it  is  admitted  that  with  a  given  capillary  medium  there  are 
ranges  of  pressures  under  which  the  flow  does  increase  faster  than  the 
X)ressure,  and  others  where  it  is  directly  proportional  to  the  pressures, 
while  under  still  higher  pressures  the  rate  of  increase  becomes  slower 
than  the  increase  of  pressure,  it  may  also  be  assumed  with  as  much 
apparent  plausibility  that  we  are  here  dealing  with  a  set  of  phenomena 
wliich  pass  by  insensible  steps  from  one  phase  to  the  other  and  which 
can  not  be  formulated  by  so  rigid  a  law  as  that  of  Poiseuille. 
19  GEOL,  I'T  2  1L> 
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FLOW  OF  AIR  UNDER  HIGH  PRESSURE  THROUGH  CAPILLARY  TUBE 

NO.  II. 

The  two  pieces  of  thermometer  tubes  through  which  the  flow  of  water 
was  measured  under  high  pressures,  as  already  described,  were  also 
used  for  air,  they  being  placed  upon  the  large  reservoir  used  for  the 
experiments  on  the  flow  of  air  through  sands  and  sandstones,  and  the 
method  of  securing  the  results  was  the  same  as  described  for  those. 

The  results  which  were  secured  with  the  longer  of  these  tubes  are 
given  below. 


Table  showing  the  relation  of  pressure  to  flow  of  air  through  capillary  Tube  No.  II. 


Pressure  of 

Time. 

Barometric 

c. 

mercury. 

pressure. 

Feet. 

Inches. 

2.  4691 

June  6,  9.58.10  a.  m  

29.  20 

2. 3124 

June  6, 11.22.45  a.  m  

29. 10 

.3760 

2. 1559 

June  6,3.01.10  p.  m  

29.  07 

.3534 

1. 961 

June  6,  6.07.20  p.  m  

29.02 

.2585 

1. 2675 

June  7, 10.13.25  a.  m  

29.  01 

.2463 

1. 1057 

June  7,  5.32.20  p.  m  

28.  93 

.1808 

.7885 

June  8,  9.58.25  a.  m  

28.95 

.2082 

.4391 

June  9,  3.38.00  p.  m  

29. 02 

.2113 

.2546 

Juue  10, 11.45.00  p.  m  

28.77 

.1920 

In  this  case  there  is  a  surprisingly  large  departure  from  the  Poiseuille- 
Meyer  law  in  the  direction  opposite  that  shown  to  hold  with  the  sands 
and  sandstones,  but  coinciding  with  the  flow  of  water  through  the 
same  tube,  namely,  the  flow  increasing  faster  than  the  pressure. 

RESULTS  OF  OTHER  INVESTIGATIONS  RELATING  TO  THE  FLOW 

OF  WATER  THROUGH  SOILS. 

Results  of  Darcy, — The  investigations  of  Darcy^  concerning  the  per- 
meability of  sand  layers  in  water  filters  led  him  to  the  conclusion  that 
the  rate  of  flow  through  them  was  directly  proportional  to  the  pressure 
and  inversely  proportional  to  the  thickness  of  the  filter  beds,  and,  fur- 
ther, that  the  amount  of  the  outflow  varied  with  the  diameter  of  the 
sand  grains. 

Results  of  Hagen. — Hagen's^  investigations,  however,  failed  to  estab- 
lish any  constant  relation  between  the  amount  of  discharge  and  the 
pressure  under  which  it  occurred.  He  was,  however,  led  to  agree  with 
Darcy  in  that  the  flow  was  inversely  proportional  to  the  length  or 
depth  of  the  stratum  penetrated. 


iLes  fontaines  publiques  de  la  ville  de  Dijon,  par  Henri  Darcy,  Paris,  1856. 
2Handbucli  der  Wasserbaukunde,  Berlin,  1869. 
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Results  of  Seelheim. — F. 
Seelheim^  couductecl  a  se- 
ries of  experiments  relating 
to  the  flow  of  water  through 
sands  and  clay,  in  which  he 
used  the  apparatus  repre- 
sented in  tig.  34.  This  con- 
sisted of  a  vessel  for  holding 
soils,  whose  form  was  varied, 
but  was  usually  that  shown 
ill  the  engraving  at  A;  a 
funnel,  B,  into  which  the 
discharge  took  place  and  in 
which  the  temperature  was 
measured;  a  tube,  C,  whose 
length  could  be  varied  and 
in  which  the  water  pressure 
desired  could  be  held  con- 
stant by  means  of  the  siphon 
and  Mariotte  flask  shown  at 
D  and  E,  F  being  a  wadding 
filter. 

The  sands  to  be  investi- 
gated were  first  subjected  to 
thorough  washing  and  di- 
gestion with  concentrated 
hydrochloric  acid,  in  order 
to  remove  calcium  carbon- 
ates and  soluble  silicates. 
They  Avere  then  washed, 
boiled  with  soda  solution, 
and  washed  again.  After 
being  dried  they  were 
treated  with  fused  potas- 
sium bisulphate  to  remove 
all  clay,  then  washed,  then 
boiled  with  potash  lye,  again 
washed,  dried,  and  finally 
heated  to  remove  all  organic 
material. 

The  sands  thus  treated 
were  then  sorted  by 
means  of  screens  into  four 
grades. 

'  Methoden  zurBestimmuug  der  Durcli 
liisMigkcif  (les  J5odeiiH:  Zeitsclirift  fiir 
analytische  Chemie,  Vol.  XIX.  p.  ,'587. 


Fig.  :!4. — Seflheim's  apparatus  for  niouHnring  How  of 
of  water  tlirough  Hands.  A,  U-Jbrnied  tulie;  Ji, 
di.scliargo  funnel;  C,  pressure  tube;  D,  Mariotte 
])ottIr;  K,  Hiplntn;  F,  filtt  r. 
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The  clay  experimented  with  was  treated  in  various  ways  to  remove 
undesired  materials  until,  when  analyzed,  it  showed  the  following 
composition : 


Analysis  of  clay  used  l>y  Seelheim. 

Constituent. 

Per  cent. 

Silicic  acid  

45.  54 
38.  77 
15.69 

Alumina  

Water  

100. 00 

The  sand  was  first  boiled  under  water  to  remove  air,  and  then  intro- 
duced into  the  holder,  A,  already  filled  with  water,  which  was  jarred 
until  no  further  settling  occurred  and  until  the  holder  was  entirely  full. 

We  shall  now  quote  some  of  Seelheim's  results  so  far  as  they  bear 
upon  the  relation  of  flow  to  pressure. 

'  Table  shoiving  relation  of  pressure  to  fioiv  through  sand  in  U-formed  tube. 


Pressure. 

Time. 

Tempera- 
ture. 

Mean  flow. 

Cm. 

Minutes. 

0  C. 

C.c. 

150 

15 

8.0 

41.0 

100 

15 

7.9 

27.5 

50 

15 

8.0 

13.7 

In  this  series  the  flows  are  very  nearly  proportional  to  the  pressure, 
the  discharge  under  100  cm.  being  3.328  i)er  cent  higher  than  would  be 
computed  from  the  flow  under  the  low  pressure,  while  that  under  150 
cm.  is  2.433  per  cent  too  low. 

In  another  experiment,  in  which  chalk  was  used,  where  the  ratio  of 
chalk  to  water  was  as  3.5  grams  to  1  gram,  the  following  results  were 
obtained  by  Seelheim : 

Table  shoiving  relation  of  pressure  to  flow  through  chalk. 


Pressure. 

Time. 

Tempera- 
ture. 

Mean  flow. 

Cm. 

Minutes. 

0(7. 

C.c. 

150 

60 

12 

0. 38 

100 

60 

12 

.24 

In  this  case  the  flow  under  the  higher  pressure  is  5.55  per  cent  greater 
than  would  be  computed  from  the  law. 
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With  clay,  where  the  ratio  of  clay  to  water  was  5  to  3.286,  the 
results  were: 

Table  showing  relation  of  pressure  to  flow  through  clay. 


Pressure. 

Time. 

Tempera- 
ture. 

Mean  flow. 

Cm. 

Minutes. 

o  G. 

C.c. 

150 

60 

12 

0.59 

100 

60 

12 

.39 

111  this  ease  the  flow  increases  faster  than  the  i^ressiire  by  only  0.855 
per  cent. 

In  his  work  with  clay,  having  smaller  amounts  of  water,  Seelheim 
found  it  impervious  under  the  lower  pressures,  but  under  higher  pres- 
sures flows  did  take  place,  and  the  results  below  are  given  for  a  mixture 
of  5  parts  of  clay  to  1.505  parts  water. 

Table  showing  relation  of  ])ressure  to  flow  through  clay. 


Pressure. 

Time. 

Tempera- 
ture. 

Mean  flow. 

Centimeters. 

Minutes. 

0(7. 

C.  c 

456 

240 

12 

0.  35 

1, 150 

240 

12 

.87 

In  this  case  the  flow  under  the  higher  pressure  was  1.439  per  cent 
faster  than  would  be  computed  from  the  law. 

In  these  four  sets  of  trials  there  are  four  cases  where  the  flow  has 
increased  faster  than  the  pressure  and  one  where  the  reverse  was  true. 
They  stand  as  follows  : 

Percenta(je  departvre  of  flow  from  Poiseuille-Meyer  law  in  foregoing  experiments. 


Material. 

Pressure. 

Percentage 
departure. 

Centimeters. 

Sand  1 

50-150 

—2.  433 

Sand  2 

50-100 

+3.  328 

Chalk  

100-150 

-j-5.  555 

Clay  1  

100-150 

+  .855 

Clay  2  

456-1, 150 

-t-1. 439 

Judging  from  the  form  of  Seelheim's  apparatus,  evaporation  must 
have  taken  place  from  tlie  surftice  of  the  water  in  the  funnel  in  Avhich 
the  temperatures  were  taken,  and  tliis  and  whatever  evaporation  may 
have  occurred  in  the  droi)ping  and  the  measuring  cylinder  would 
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diminish  the  percentage  of  flow  nnder  low  pressures  more  than  those 
under  high  pressures,  and  hence  would  tend  to  give  results  showing  the 
relations  which  are  found;  that  is,  if  evaporation  did  take  phice  during 
the  experiments  and  no  corrections  were  applied  for  it,  tben  an  exact 
agreement  with  the  law  of  Poiseuille  shown  by  the  figures  would  mean 
that  the  flow  had  not  increased  so  rapidly  as  the  pressure. 

In  his  three  sets  of  experiments  to  determine  the  relation  of  length 
of  columns  of  sand  to  flow,  his  flows  were  not  exactly  what  would  be 
computed  from  the  lengths  of  the  columns  through  which  the  flow  took 
X)lace,  as  the  results  he  obtained,  which  are  given  below,  show. 


Eelation  of  flow  to  length  of  column. 


Material. 

Lengths. 

Flows. 

Time. 

Percentage 
departure. 

C.c. 

Minutes. 

Sand  

2  to  1 

8.3  to  16.  8 

30 

+1.  205 

Clay  

1.5  to  1 

.  46  to     .  71 

60 

+2.  899 

Chalk  

1.5  to  1 

.31  to  .48 

60 

+3.  226 

This  comparison  is  made  here  by  using  the  flow  through  the  long 
column  as  the  standard,  because  reducing  the  length  of  the  column  is 
assumed  by  the  law  to  be  equivalent  to  increasing  the  pressure  a  like 
amount,  and  the  percentage  differences  in  the  table  show  how  much 
larger  the  observed  flows  were  than  would  be  computed  from  the  law; 
but  difl'ereuces  in  this  direction  should  be  found  if  the  flow  did  really 
increase  faster  than  the  pressure.  Seelheim's  results  stand  7  to  1  in 
favor  of  flow  increasing  faster  than  the  pressure. 

Observations  of  Trautivine. — In  Bulletin  45  of  the  Colorado  Agricul- 
tural Experiment  Station,  Prof.  L.  S.  Carpenter  quotes  some  results 
obtained  by  John  C.  Trautwine,  jr.,  chief  of  the  bureau  of  water,  Phil- 
adelphia, on  the  rate  of  seepage  from  the  Queen  Lane  reservoir  under 
difl'erent  depths  of  water,  from  which  it  appears  that  the  rate  of  flow 
increases  faster  than  the  pressure  increases. 

Carpenter  gives  the  following  table  as  showing  the  observed  results: 

Table  showing  the  rate  of  seepage  from  Queen  Lane  reservoir,  Philadelphia. 


ISToveniber,  1897 
(before  silting). 

Marcli,  1898 
(after  silting). 

Depth. 

Loss  per 
day. 

Depth. 

Loss  per 
day. 

Feet. 

Inch. 

Feet. 

Inch. 

15 

0.  29 

20 

0. 15 

20 

.  54 

25 
28 
30 

.24 
.32 
.46 
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It  will  be  seen  that  these  observations 
show  seepage  increasing  very  much  more 
rai)idly  than  the  pressure. 

Carpenter,  referring  to  his  own  observa- 
tions on  the  rate  of  seepage  from  canals, 
says  that  several  cases  "show  that  the  loss 
increases  with  the  depth  of  water  in  the 
canal,  but  the  loss  seems  to  be  greater  than 
shown  from  theoretical  considerations." 

In  such  cases  as  these  account  must  of 
course  be  taken  of  the  increase  in  the  sur- 
face through  which  seepage  may  occur  when 
the  depth  of  the  water  in  the  canal  or  reser- 
voir is  increased,  and  the  data  from  Traut- 
wine  simi)ly  show  the  total  seepage,  and 
hence  the  seepage  ought  to  appear  to 
increase  with  depth,  provided  the  sides  of 
the  reservoir  are  not  wholly  impervious  to 
water. 

It  might  well  happen,  l)oth  in  reservoirs 
and  canals,  that  the  new  surface  through 
which  seepage  could  take  place  when  the 
water  level  is  raised  might  transmit  the 
water  relatively  faster  because  of  not  being 
so  thoroughly  silted  up,  and  if  so,  the  seep- 
age in  sucli  cases  would  appear  to  increase 
faster  than  the  depth  even  when  directly 
lirojjortional  to  it. 

We  can  not  therefore  accept  these  data 
as  demonstrating  that  under  the  conditions 
of  reservoirs  and  canals  seepage  increases 
faster  than  the  pressure  until  correction  has 
been  made  for  the  lateral  seepage,  which 
may  become  possible  with  the  rise  of  the 
water. 

Observations  of  Welitschlcoicslcy. — The  ex- 
periments of  Welitschkowsky^  and  those  of 
Wollny^  were  conducted  with  an  ai)para- 
tus  represented  in  tig.  35,  which  consists, 
as  Wollny  used  it,  of  a  cylinder.  A,  5  cm. 
in  diameter,  in  which  the  medium  to  be  in- 
vestigated is  ])la('ed.  This  is  provided  at 
the  bottom  with  a  tine  wire  screen  to  retain 
the  sand  and  permit  the  escape  of  the  water 


>  Archiv  lur  Hygiene,  Vol.  II,  1884,  pp.  499-512. 
' Forsfhungen  aiif  <l«,'ni  Gebieto  der  Agrikultur]iliy.sik,  Vol. 
XIV,  1891,  pp.  1-28. 


Fio.  35. — Apparatus  usod  by  Wollny 
for  nieaHiiriiig  How  of  water 
tliroiigh  soil.  A.  soil  tube;  B, 
prcsHuro  tube;  C,  funnel;  D,  E, 
overllow;  F,  .sui)i»ly  jtipc. 
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into  the  funnel  below.  The  pressure  was  varied  by  means  of  a  tube 
which  was  provided  with  overflow  tubes  10  cm.  apart  and  which 
could  be  coupled  to  the  soil  tube  in  a  water-tight  manner  by  means 
of  a  wide  rubber  band. 

Below  is  given  one  of  the  tables  of  results  reached  by  Welitschkow- 
sky,  in  which  columns  are  introduced  giving  the  flows  computed  from 
the  flow  under  the  lowest  pressure,  assuming  that  the  law  of  Poiseuille 
holds  true;  but  in  computing  these  results  the  pressure  is  taken  equal 
to  the  length  of  the  sand  column  plus  that  of  the  column  of  water  above 
the  sand. 


Tahle  showing  the  relation  of  ijressure  to  flow  of  ivater  through  sand  made  up  of  grains 

0.  33  mm.  to  1  mm.  in  diameter. 

[Flow  of  water  in  cubic  centimeters  per  minute.] 


Depth  of 
water  above 
the  sand. 

100  cm. 

75  cm. 

50  cm. 

25  cm. 

Ob- 
served. 

Computed. 

Ob- 
served. 

Computed. 

Ob- 
served. 

Computed. 

Ob- 
served. 

Computed. 

10  cm . . . 
20cm- 

96 
105 

98 

106 

131 

104.7 

109 

108.5 

123 

123.6 

175 

168.4 

30cm.-. 

112 

113.5 

121 

121.1 

141 

141.3 

216 

205.9 

40  cm. .. 

119 

122.2 

133 

132.6 

160 

158.9 

259 

243.3 

50  cm . . . 

126 

130.9 

144 

144.1 

179 

176.7 

306 

280.7 

60  cm. .. 

135 

139.6 

155 

155.7 

198 

194.3 

348 

318. 1 

70cm. .. 

143 

148.4 

167 

167.2 

218 

211.9 

390 

355.  6 

80  cm.  .. 

151 

157.1 

178 

178.7 

237 

229.3 

435 

393.0 

90cm. .. 

159 

165.8 

189 

189.2 

255 

247.2 

477 

430.4 

100  cm.. 

167 

174.5 

201 

201.8 

273 

264.9 

521 

467.9 

We  have  here  a  set  of  extremely  interesting  and  instructive  results. 
It  is  to  be  observed,  in  the  first  place,  that  the  column  of  sand  25  cm.  long 
gives  a  flow  under  each  of  the  ten  different  pressures,  increasing  faster 
than  the  pressure  by  amounts  ranging  from  3.9  per  cent  under  a  pressure 
of  45  cm.  of  water  to  11.3  per  cent  when  the  i)ressure  becomes  125  cm. 
When  the  column  has  its  length  doubled,  or  made  50  cm.  high,  there  is 
under  the  lowest  pressures,  70  and  80  cm.,  a  nearly  complete  agreement 
with  the  law;  but  as  the  pressure  Is  increased  the  flow  becomes  faster 
than  is  required  until,  under  a  pressure  of  150  cm.,  it  exceeds  the 
computed  amount  by  3  per  cent.  Then  when  this  column  was  given  a 
length  of  75  cm.  there  became  practically  an  almost  complete  agree- 
ment of  observation  with  theory,  the  percentage  departure  in  no  case 
reaching  as  much  as  0.5  of  1  per  cent.  It  must  be  conceded,  however, 
that  this  percentage  departure  is  real  rather  than  apparent,  for  were  it 
due  to  the  chance  irregularities  of  errors  of  observation  the  departures 
would  not  be  persistently  in  one  direction,  as  they  are  with  but  two 
exceptions. 
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In  the  case  of  the  sand  column  100  cm.  long  the  agreement  with  the 
law  is  very  close  under  the  lowest  velocities,  but  as  the  velocity  increases 
the  departnre  changes  phase  and  becomes  larger  and  larger  until  one  of 
4.3  per  cent  is  reached  where  the  trials  end.  It  is  seen,  therefore,  that 
in  this  series  of  observations  with  one  and  the  same  sand,  varied  only 
in  length  of  column  and  pressure  under  which  the  flow  takes  place, 


25  cm. 


Fio.  36. — Diagram  showing  the  relation  of  pressure  to  flow  of  water  through  sands,  by  Welitsch- 
kowsky.  Straiglit  lines  shcnv  theoretical  flow  through  sand  columns  of  difl'erent  spcciflcd  dcptiis; 
+  dots,  flow  increasing  faster  than  pressure;  — dots,  flow  increasing  slower  than  pressure.  Abscissas 
indicate  pressure  and  ordinatcs  flow. 


there  is  a  passage  from  a  rate  of  discharge  increasing  faster  than  the 
l)ressure  increases  through  a  How  almost  exa(!tly  i)roportional  to  the 
pressure  and  then  on  to  one  where  the  How  increases  less  rapidly  tlian 
tlie  pressure.  Taking  the  whole  series  together,  there  is  a  dei)arture 
l  angiiig  from  plus  11..')  per  cent  on  one  side  to  minus  4.3  per  cent  on  the 
other,  or  n  total  of  15.G  per  cent.  The  results  of  the  table  are  shown 
graphically  in  lig.  3(>. 
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In  a  still  finer  sand,  having  a  diameter  less  than  0.33  mm.,  the  same 
investigator  found  the  following  relations  of  flow  to  pressure  where  the 
length  of  the  column  was  50  cm. : 

JRelation  of  flow  to  })ressure  in  fine  sand. 


Pressures  in  centimeters. 


60. 

70. 

80. 

90. 

100. 

110. 

120. 

130. 

140. 

150. 

C.c. 

C.c. 

C.c. 

C.c. 

c.c. 

C.c. 

C.c. 

c.c. 

c.c. 

C.c. 

Observed  flow. 

0. 13 

0. 14 

0. 17 

0. 19 

0.  22 

0. 24 

0.  25 

0.  28 

0. 30 

0.31 

Computed  flow 

.13 

.142 

.  173 

.195 

.217 

.238 

.260 

.281 

.302 

.325 

In  this  set  the  observed  flows  very  nearly  coincide  with  the  computed 
flows. 

Observations  of  Wollny. — WoUny  followed  Welitschkowsky,  making 
a  longer  series  of  observations  with  essentially  the  same  kind  of  appa- 
ratus, using  finer  materials  and  a  greater  variety  of  them,  but  it  is  very 
unfortunate  for  the  x)urposes  here  that  in  tabulating  his  results  small 
variations  in  flow  have  been  set  aside  by  interpolation  and  the  flows 
under  the  pressures  resulting  from  10,  30,  50,  70,  and  90  cm.  of  water 
above  the  sand  have  been  computed  from  the  others  rather  than 
observed. 

It  is  further  to  be  noted  that  Wollny  appears  to  have  considered 
only  the  column  of  water  above  the  sample  as  effective  in  producing 
pressure  instead  of  the  height  of  the  column  of  water  plus  that  of  the 
sand  which  must  be  taken  with  the  form  of  apparatus  used  by  him. 

The  table  below  shows  the  results  of  two  series  of  Wollny's  experi- 
ments with  the  data  preseuted  as  he  gives  them,  and  the  following 
table  presents  the  same  data  in  the  form  in  which  those  of  Welitsch- 
kowsky have  been  given;  that  is,  as  they  must  stand  with  the  pressure 
equal  to  the  length  of  the  column  of  sand  jdus  that  of  the  water  above 
the  sand. 
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Tahle  showing  the  relation  of  pressure  to  flowof  water  through  sand  as  presented  hy 

WollnyJ 


Number. 

Size  of 
graius. 

Water 
pressure. 

Discharge  in  10  hours,  in  liters. 

Soil  10  cm. 
thick. 

Soil  20  cm. 
thick. 

Soil  30  cm. 
thick. 

Millimeters. 

Centimeters. 

IV  ... 

0.171  to 

10 

29.  570 

23.  779 

20.  678 

0.  250 

20 

45.  380 

32. 192 

26.  Ill 

SO 

61.190 

40.  605 

31.  544 

40 

77.  000 

49.  018 

36. 977 

^0 

92.  810 

57.  431 

42.  410 

fiO 

\J\J 

108. 620 

65. 844 

47.  843 

70 

124.  430 

74.  257 

53.  276 

80 

140. 240 

82.  670 

58.  709 

QO 

156.  050 

91.  083 

64. 142 

100 

171. 860 

99. 496 

69. 575 

VII  .- 

1  to  2 

10 

311.  462 

256.777 

237.  757 

20 

444.  799 

361.402 

331. 299 

30 

578. 136 

466. 027 

424.  841 

40 

711.  473 

570. 652 

218.383 

50 

844.  810 

675.  277 

611.925 

60 

978. 147 

779.  902 

705.  467 

70 

1,  111.  484 

884. 527 

799.  009 

80 

1,  244.  821 

989. 152 

892.  .551 

90 

1,  378. 158 

1,  093.  777 

986. 093 

100 

1, 511. 495 

1, 198.402 

1,  079.  639 

'Forschungen  auf  dem  Gebiete  der  Agrikulturphysik,  Vol.  XIV,  pp.  13-14. 
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Since  the  values  given  under  the  pressures  10,  30,  50,  70,  90  have 
been  comi^uted  rather  than  observed,  they  are  omitted  from  the  table 
which  follows. 


Table  showing  the  relation  of  pressure  to  flow  of  water  through  sands. 

{From  the  last  table.) 
[Flow  during  10  liours,  in  cubic  centimeters.] 


Kind  of  sand. 

Soil  10  centimeters  thick. 

G 
1 

Pressure. 

Observed  flow. 

Computed 
flow. 

Percentage 
departure. 

No.  IV;  size,  0.171  to 
0.25  millimeters  

No.  VII ;  size,  1  to  2 
millimeters  

entimeters. 

G.c. 

45,  380 
77,  000 
108,  620 
140,  240 
171,  860 
444,  799 
711,  473 
978, 147 
1,  244,  821 
1,  511,  495 

G.c. 

1  50 
<  70 
i  90 
t  110 

r  30 

j  50 
<!  70 
j  90 
110 

75,  633 
105,  886 
136, 139 
166,  393 

+1.84 
+2.  58 
+3.01 
+3.  29 

741,  332 
1,  037,  864 
1,  334,  397 
1,  630,  930 

—4.03 
—5.  75 
—6.  72 
—7-32 

Kind  of  sand. 

Soil  20  centimeters  thick. 

Pressure. 

Observed  flow. 

Computed 
flow. 

Percentage 
departure. 

No.  IV;  size,  0.171  to 
0.25  millimeters 

No.  VII;  size,  1  to  2 
millimeters  

C 

< 

entimeters. 
40 
60 
80 
100 

I  120 
40 
60 
80 
100 

I  120 

G.c. 

32, 192 
49,  018 
65,  844 
82,  670 
99,  496 
361,  402 
570,  652 
779,  902 
989, 152 
1, 198,  402 

G.c. 

5 

+  1.51 
+  2.27 
+  2.72 
+  3.02 

48,  288 
64,  384 
80,  480 
96,  576 

542, 103 
722, 804 
903,  505 
1,  084,  206 

+  5.27 
+  7.90 
+  9.48 
+10.  54 

Kind  of  sand. 

Soil  30  centimeters  thick. 

Pressure. 

Observed  flow. 

Computed 
flow. 

Percentage 
departure. 

• 

No.  IV;  size,  0.171  to 
0.25  millimeters  

No.  VII;  size,  1  to  2 
millimeters  

Centimeters. 
(  50 

C.  c. 

26,  111 
36,  977 
47,  843 
58,  709 
69,  575 
331,  299 
518,  383 
705,  467 
892,  .551 
1,  079,  639 

G.c. 

» 

< 

> 

70 
90 
110 
-  130 
^  ^  50 
70 
90 
110 
^  130 

36,  555 
47,  000 
57,  444 
67,  889 

+  1.15 
+  1.79 
+  2.20 
+  2.48 

463,  819 

596,  338 
728,  858 
861,  377 

+  11.76 
+18.  30 
+22.  46 
+25.  34 
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It  will  be  seen  that  these  results,  when  considered  in  their  proper 
relation,  show  in  one  series  an  increase  of  flow  faster  than  the  increase 
of  pressure,  whiie  in  the  other  series  the  same  thing  is  true,  except  for 
the  shortest  column,  where  the  flow  does  not  increase  as  rapidly  as  the 
pressure.    The  results  of  these  tables  are  shown  graphically  in  fig.  37. 


Fig.  37.— Diagram  showing  relation  of  pressure  to  flow  of  water  through  sands,  by  WoUny.  Straight 
lines  show  th(;oretical  flow  through  column  lengths  of  10,  20.  and  30  centimeters;  4  dots,  flow 
increasing  faster  than  pressure;  —  dots,  flow  increasing  slower  than  pressure.  Abscissas  indicate 
pressure  in  centimeters  and  ordinates  flow  in  cubic  centimeters. 


In  his  three  finest  grades  of  quartz  sand,  Nos.  I,  II,  and  II L,  the  How 
increases  less  rapidly  than  the  j)ressure,  while  with  Nos.  V  and  VI  the 
reverse  again  is  true.  It  should  be  noted  that,  as  in  the  cases  cited, 
the  observations  show  a  flow  i)ersistently,  either  increasing  faster  than 
the  ])ressure  or  else  not  so  ra])idly  as  the  pressure,  for  each  particular 
sam[)le  and  leiigtli  of  column. 
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RESULTS   OF  OTHER  INVESTIGATIONS    ON   THE   FLOW  OF  AIR 

THROUGH  SOILS. 

The  observations  made  in  this  inquiry  on  the  relation  of  pressure  to 
flow  of  air  through  various  i^orous  media  have  already  been  presented. 
It  is  the  x)uri)ose  here  to  refer  to  some  of  the  results  of  others  in  the 
same  line. 

Wollny  ^  has  presented  the  latest  results  bearing  upon  this  subject,  and 
in  reviewing  the  matter  prei)aratory  to  his  own  discussion  he  refers  to  the 
experiments  of  H.Fleck,^  F.  Eenk,^  G.  Ammou,*  and  D.  Welitschkowskj^^ 
on  the  permeability  of  soil  for  air  as  giving  results  which  are  in  many 
respects  discordant  and  contradictory. 

Observations  of  Fleclc. — While  Fleck  concludes  that  the  quantity  of 
air  flowing  through  soil  is  inversely  proportional  to  the  pressure,  Renk 
holds  that  this  relation  exists  only  within  narrow  limits,  or  only  so  long 
as  the  actual  velocity  of  the  air  does  not  exceed  0.062  meter  per  second, 
and  then  only  for  the  finer  soils,  unless  the  columns  are  long. 

Observations  of  WelitschTcoivshy. — Welitschkowsky,  working  with  a 
Munich  pebbly  soil  having  grains  from  1  mm.  to  2  mm.  in  diameter, 
secured  the  following  relations  of  flow  to  x)ressure  when  the  length  of 
column  was  49.6  cm.  and  the  pore  space  37.38 : 


Pressure 
of  water. 


Mm. 


10 
20 
30 
40 
50 
60 
70 
80 


Observed 
flow 
per  minute. 


Cubic  cm. 
1,  628 
3, 118 
4, 507 
5,  996 

7,  399 

8,  802 

10,  212 

11,  490 


Computed 

flow 
per  minute. 


Percentage 
departure. 


Cubic  cm. 


3,  356 

4,  884 
6,  512 
8, 140 
9,  768 

11,  396 
13,  024 


—  7.09 

—  6.49 

—  7.92 

—  9. 10 

—  9.  889 
—10.  39 
—11,  77 


Pressure 
of  water. 


Mm. 

90 
100 
110 
120 
130 
140 
150 
160 


Observed 
flow 
per  minute. 

Computed 

flow 
per  minute. 

Percentage 
departure. 

Cubic  cm. 

Cubic  cm. 

12,  985 

14,  652 

—11.  38 

14,  202 

16,  280 

—12.  76 

15,  410 

17,  908 

—13.  95 

16,  826 

19,  639 

—14.  32 

18,  088 

21, 164 

—14.  54 

19,  647 

22,  792 

—13.  80 

20,  803 

24,  420 

—14. 81 

22,  061 

26,  048 

—15.  26 

The  material  here  used  is  coarser  than  the  coarsest  reported  on  by  the 
writer,  and  the  percentage  departures  from  the  Poiseuille-Meyer  law  are 
higher  than  shown  by  the  low-pressure  results,  but  not  nearly  so  high 
as  shown  by  the  high  pressure  results  given  in  this  paper. 

Observations  of  Re7ih. — F.  Eenk,^  working  with  medium  gravel,  fine 
gravel,  coarse  sand,  medium  sand,  and  fine  sand,  with  diameters  greater 
than  7  mm.,  smaller  than  7  mm.,  smaller  than  4  mm.,  smaller  than  2  mm., 


iForschungen  auf  dem  Gebiete  der  Agrikultur-Physik,  Vol.  XVI,  1893,  pp.  193-222. 
2H.  Pleck,  Zeitschrift  fiir  Biologie,  Vol.  XVI,  No.  1,  1880,  pp.  42-54. 
3  r.  Renk,  Zeitschrift  fiir  Biologie,  Vol.  XV,  1879. 

'*  G.  Ammon,  Porschungen  auf  dem  Gebiete  der  Agrikulturphysik,  Vol.  Ill,  1880,  pp.  209-241. 
s  D.  Welitschkowsky,  Archiv  fiir  Hygiene,  Vol.  IT,  1883. 

^Forschungen  auf  dem  Gebiete  der  Agrikulturphysik,  Vol.  II,  1879,  pp.  339-347. 
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smaller  than  1  mm.,  aud  smaller  thau  0.33  mm.  to  0.25  mm.,  respectively^, 
and  using  lengths  of  column  ranging  from  25  cm.  to  300  cm.,  having 
a  diameter  of  5  cm.,  obtained  results  some  of  which  conformed  to  the 
Poiseuille-Meyer  law,  while  others  did  not. 

In  the  case  of  his  coarse  sand  having  a  diameter  of  grain  of  less  than 
2  mm.,  his  measured  flows  conformed  to  the  law  until  a  i)ressure  gradient 
of  250  to  32,  or  nearly  8  to  1,  was  reached;  with  steeper  gradients  the 
flow  increased  less  rapidly  than  the  pressure.  In  his  medium  sand  the 
flow  was  still  proportional  to  pressure  at  the  highest  limit  of  his  experi- 
ment, when  the  pressure  gradient  was  2,000  to  180,  or  very  nearly  11  to 
1.  His  largest  percentage  departure  from  the  law  with  the  coarse  sand 
was  13.03,  and  occurred  when  the  length  of  the  column  was  50  cm.  and 
the  pressure  150  mm.,  or  with  a  pressure  gradient  of  10  to  3. 

Observations  of  Ammon. — G.  Ammon  ^  worked  with  a  siliceous  sandy 
soil,  57.02  per  cent  of  which  passed  a  screen  of  0.3  mm.  diameter;  a 
quartz  sand  1  to  2  mm.  in  diameter;  a  i)ure  calcareous  sand,  87.723  per 
cent  of  which  passed  a  screen  of  0.3  mm.  diameter  :  and  a  loam  powder, 
92.468  per  cent  of  which  passed  a  screen  of  0.3  mm.  diameter,  using  for 
his  soil  receptacle  a  brass  tube  125  cm.  long  and  5  cm.  in  diameter, 
carrying  a  manometer  near  its  upper  end.  His  results  on  the  influence 
of  i)ressure  are  given  in  the  table  below : 


Table  showiiKj  the  relation  of  pressw'e  to  Jiow  of  air  tliroucjh  soil,  by  Ammon. 


Kind  ol"  soil. 

Pressure 
of  water. 

Observed 
flow 

Computed 
flow 

Per(;enta{;e 
dc])arture. 

per  hour. 

per  hour. 

Mm. 

Cubic  cm. 

Cubic  cm. 

r  20 

2d,  880 

40 

48,  040 

51,  760 

—  7.  744 

> 

60 

12,  400 

77,  640 

—  6.  749 

.  80 

95,  320 

103,  520 

—  7.923 

r  20 

8,  850 
17,  710 

< 

40 

17,  700 

-f-  0.057 

« 

60 

26,  460 

26,  550 

—  .339 

.  80 

35,  280 

35,  400 

—    .  339 

I  20 

2,040 

40 

3,  900 

4,080 

—  4. 142 

^ 

60 

5, 100 

6, 120 

—16.  67 

.  80 

7, 160 

8, 160 

—12.  25 

r  20 

1  40 

1,210 

1,510 

2,  420 

—37.  ()0 

1 

60 

1,820 

3, 630 

—49.8(5 

80 

2, 140 

4,840 

—55.  79 

'  Forschungen  auf  dem  Gebiete  der  Agrikultur-Physik,  Vol.  III.  1880.  pi».  209-241. 
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In  these  cases  we  have  comparatively  low  i3ressures  and  a  length 
of  soil  column  of  100  cm.,  and  yet  a  very  wide  departure  from  the  Poi- 
seuille-Meyer  law.  In  the  sorted  quartz  sand  only  is  there  a  fair 
approximation  to  it. 

Observations  of  Wollny. — E.  Wollny^  has  followed  the  foregoing 
experimenters  with  a  long  series  of  observations  on  the  flow  of  air 
through  sands  and  soils  under  different  pressures.  His  apparatus 
consisted  of  a  soil  receptacle  in  the  form  of  a  vertical  tube  125  cm. 
long  and  5  cm.  in  diameter,  provided  with  a  water  manometer  near  its 
upper  end,  and  arranged  with  a  water  jacket  under  the  control  of  two 
thermostats,  for  the  purpose  of  maintaining  a  constant  temperature 
when  desired. 

The  air  pressure  was  generated  by  a  bellows,  that  passed  the  air 
first  through  a  gas  meter,  which  permitted  the  reading  of  the  volume 
to  10  c.  c.  The  desired  pressure  was  secured  by  opening  or  closing  the 
stopcocks  leading  to  and  from  the  gas  meter. 

One  sand  which  he  used  was  made  up  almost  exclusively  of  quartz 
grains,  which  had  been  cleaned  with  hot  hydrochloric  acid,  washed 
with  distilled  water,  and  then  sorted  by  means  of  sieves  into  seven 
grades.  These  were  used  separately  and  in  a  mixture  of  equal  parts 
by  volume  of  each  grade. 

It  is  here  unfortunate  for  our  purposes,  as  it  was  with  his  experiments 
with  water,  that  Wollny  has  eliminated  what  have  appeared  to  be  small 
irregularities  in  his  measured  flows  in  order  to  show  more  clearly  such 
a  regular  gradation  as  might  reasonably  be  expected.  It  is  further  to 
be  noted  that  in  his  Table  III,  dealing  with  the  relation  of  i)ressure 
to  flow  of  air  through  quartz  sand,  only  the  results  with  pressures  of 
20,  40,  60,  80,  and  100  mm.  were  obtained  by  experiment,  the  others 
being  computed. 

The  diameters  of  grains  used  by  him  were  as  follows: 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

Mm. 
0.  01-0.  071 

Mm. 
0.  071-0.114 

Mm. 
0. 114-0. 171 

Mm. 
0. 171-0.  25 

Mm. 
0.  25-0.  5 

Mm. 
0.  5-1 

M7n. 
1-2 

The  lengths  of  his  columns  were  varied  from  25  cm.  to  100  cm.,  while 
his  pressures  ranged  from  10  to  100  mm.  of  water. 

With  his  Nos.  I  to  Y  inclusive  his  tables  show  a  complete  agreement 
with  the  Poiseuille-Meyer  law  both  as  regards  pressure  and  length  ot 
column.  In  his  mixed  sample,  containing  equal  parts  by  volume  of  the 
several  sizes,  his  tables  also  show  a  complete  agreement  with  the  law, 
as  do  his  clay  and  humus  samples.  Only  his  Nos.  Yl  and  YII  show  a  ^ 
marked  departure  from  the  law. 


JE.  Wollny,  Forscliungeii  auf  dem  Gebiete  der  Agrikultur-Physik,  Vol.  XVI,  1893,  pp.  193-222. 
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Below  are  given  WoUny's  results  with  the  samples  YI  and  YII, 
together  with  the  percentage  departures  which  have  been  computed 
from  the  flow  under  the  lowest  pressure  in  each  case.  Only  the  values 
which  were  observed  have  been  presented  for  consideration. 


Table  showing  the  relation  of  pressure  to  flow  of  air  througlt.  sand,  in  cubic  centimeters  per 

hour,  by  Wollny. 


Soil  25  centimeters  thict. 

Soil  50  centimeters  thick. 

Pres- 
ure  of 
vater. 

Kind  of  sand. 

s 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
parture. 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
parture. 

Mm. 

Cubic  cm. 

Cubic  cm. 

Cubic  cm. 

Cubic  cm  . 

'  20 
40 
60 
80 

57,  040 

28,  510 
57,  040 
85, 560 
114,  080 

Quartz  sand  No. 
VI,  diameter 
0.5  to  1  mm .... 

< 

114,  080 
169,  410 
222,  460 

114,  080 
171, 120 

228, 160 

0.  00 

—  1.00 

—  2.50 

57,  040 
85, 560 
114,  080 

0.  00 
.00 
.00 

100 

273, 220 

285,  200 

—  'L20 

142,  030 

142,  600 

—  .40 

'  20 
40 
60 

233,  580 

120,  400 

Quartz  saud  Xo. 
VII,  diameter 

< 

452,  700 
662,  200 

467, 160 
700,  740 

—  3. 10 

—  5.50 

234,  780 
344,  340 

240,  800 
361,  200 

—2.50 
—4.  67 

1  to  2  mm  

80 

862,  060 

934,  320 

—  7.73 

449,  090 

481,  600 

—6.  75 

^100 

1, 052,  300 

1, 167,  900 

—10. 59 

549,  020 

602,  000 

—8.80 

Soil  75  centimeters  thick. 

Soil  100  centimeters  thick. 

Pres- 
sure of 
water. 

Kind  of  sand. 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
parture. 

Observed 
flow. 

Computed 
flow. 

Percent- 
age de- 
partxire. 

Mm. 

Cubic  cm. 

Cubic  cm. 

Cubic  cm. 

Cubic  cm. 

f  20 

19,  010 
38,  030 
57,  040 
76,  060 

14,  260 

Quartz  sand  No. 
VI,  diameter 
0.5  to  1  mm  

) 

40 
60 
80 

38,  020 
57,  030 
76,  040 

+  .03 
+  .02 
+  .03 

28, 520 
42,  780 
57,  040 

28,  520 
42,  780 
57,  040 

0. 00 
.00 
.00 

100 

95,  070 

95,  050 

+  .02 

71,  300 

71,  300 

.00 

'  20 

80,  200 
159,  200 
233,  380 

60,  200 

Quartz  sand  No. 
VII,  diameter 

< 

40 
60 

160,  400 
240,  600 

—  .75 
—3.  00 

120, 400 
178,  790 

120,  400 
180,  600 

.00 
— 1.  00 

1  to  2  mm  

80 

302,  750 

320,  800 

—5.63 

234,  780 

240,  800 

—2. 50 

^100 

367,  320 

401,  000 

—8.  40 

288,  360 

301,000 

—4.  20 
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In  anotber  experiment  Wollny  compares  the  flow  of  air  through  finely 
pulverized  loam  when  filled  into  the  apparatus  loosely,  and  that 
through  similar  loam  when  firmly  packed,  and  the  results  are  given  in 
the  table  below : 

TaUe  showing  the  relation  of  x)ressure  to  flow  of  air  through  loosely  and  firmly  packed 

loam,  hy  Wollny. 

[Flow  of  air  per  hour  in  cubic  centimeters.] 


Condition  of  soil. 

Water 
pressure. 

Soil  25  cm. 
thick. 



Soil  50  cm. 
thick. 

Soil  75  cm. 
thick. 

Soil  100  cm. 
thick. 

Mm. 

'    ■  20 

2.040 

2.000 

1.960 

1.920 

Pulverized  loam 

40 

3.  380 

3.330 

3.280 

3.  240 

loosely  packed, 

< 

60 

4.720 

4.670 

4.610 

4.560 

(0.0  to  0.  25  mm.). 

80 

6.060 

6.  000 

5.  940 

5.880 

[  100 

7.400 

7.330 

7.260 

7.  200 

20 

.  190 

.095 

.063 

.047 

Pulverized  loam 

40 

.3S0 

.190 

.  127 

.095 

lirmlv    1)  a  c  k  e  d 

{  60 

.570 

.285 

.190 

.143 

(0.0  to  0.25  mm.). 

80 

.760 

.380 

.253 

.190 

100 

.950 

.475 

.317 

.237 

In  this  table  we  have  results  which  are,  in  some  respects,  quite 
peculiar.  It  will  be  noted  that  in  the  loosely  packed  loam  there  is  a 
very  wide  departure  from  the  Poiseuille-Meyer  law,  both  as  regards 
pressure  and  as  regards  length  of  column.  The  flow  does  not  increase 
nearly  so  rapidly  as  the  pressure  increases,  and  yet  it  does  not  decrease 
with  the  length  of  the  column  to  anything  like  the  extent  which  is 
called  for  by  the  law.  Taking  the  flow  through  the  column  100  cm. 
long  and  under  a  pressure  of  100  cm.,  the  observed  flow  is  7,200  c.  c.  per 
hour,  while  the  flow  which  would  be  computed  from  the  observed  flow 
through  the  25  cm.  column  under  a  pressure  of  20  mm.  is  2,550  c.  c, 
an  amount  only  a  little  more  than  one- third  as  large.  Indeed,  it  will 
be  seen  that  while  the  flow  has  decreased  rapidly  with  the  pressure 
from  what  should  be  expected,  it  has  lost  but  little  in  increasing  the 
length  of  the  column. 

Eeferring  now  to  the  closely  packed  samples,  it  will  be  observed  that 
the  Poiseuille-Meyer  law  is  much  more  nearly  obeyed,  both  as  regards 
length  and  pressure.  It  will  be  seen  that  ih  the  case  of  the  columns 
having  lengths  of  75  cm.  and  100  cm.,  respectively,  the  flow  has  even 
increased  faster  than  the  pressure  by  amounts  equal  to  about  1  per 
cent  in  the  largest  column  and  in  the  shorter  column  nearly  0.6  per 
cent,  as  the  writer  has  found  in  so  many  of  his  own  observations.  In 
the  case  of  the  columns  25  and  50  cm.  long  the  law  is  exactly  fulfilled, 
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botli  as  regards  length  and  pressure,  as  is  indicated  by  the  results 
given  in  the  table. 

It  is  plain,  therefore,  that  Wollny's  results  show  some  radical  depar- 
tures from  the  Poiseuillean  law  when  an  attempt  is  made  to  apply  them 
generally  to  the  flow  of  air  and  water  through  sands  and  soils.  It  is 
of  course  true  that  his  tables  show  a  remarkable  agreement  with  the 
law  in  many  portions,  both  for  air  and  for  water,  but  he  expressly  states 
that  he  has  set  aside  what  have  appeared  to  be  irregularities,  and  hence 
it  should  be  remembered  that  the  agreement  may  possibly  not  have 
been  so  close  as  his  tables  indicate. 

DEPARTURES   FROM   THE   POISEUILLE-MEYER  LAW  OBSERVED 

WITH  CAPILLARY  TUBES. 

In  considering  the  concordance  of  observed  flow  of  fluids  through 
l^orous  media  with  the  flow  through  capillary  tubes,  it  is  a  matter  of 
supreme  importance  to  note  what  agreements  and  what  discrepancies 
are  found  to  exist  among  the  experimental  data  which  have  led  to  the 
acceptance  of  the  Poiseuille-Meyer  law. 

Ees lilts  of  Poiseuille.^ — In  referring  to  the  results  of  this  investi- 
gator it  is  the  purpose  to  show  here  chiefly  the  closeness  of  agreement 
which  he  was  able  to  secure  in  some  of  his  experiments  and  the  per- 
centage departures  which  he  observed  in  others  where  the  agreement 
was  not  so  close.  With  his  tube  A,  100.5  mm.  long,  having  a  diameter 
of  about  .1115  mm.,  the  flow  under  jiressures  of  385.78  mm.,  739.114  mm., 
and  773.443  mm.  of  mercury  increased  faster  than  the  pressure,  but 
only  0.04  and  O.OG  per  cent  when  the  second  and  third  are  computed 
from  his  first.  With  his  tube  A',  which  was  a  portion  of  A,  75.8  mm. 
long,  the  pressures  ranged  from  about  51  mm.  up  to  775  mm.,  and  in  a 
series  of  seven  trials  there  was  an  agreement  to  less  than  0.1  per  cent 
in  every  case  but  one,  where  the  departure  was  — 1.244  per  cent.  Two 
of  the  departures  were  plus,  four  were  minus. 

With  a  still  shorter  piece.  A",  of  the  same  tube,  51.1  mm.  long,  and 
with  pressures  of  98  to  775  mm.,  three  of  the  departures  were  plus  and 
one  minus,  but  all  were  less  than  0.2  per  cent. 

With  his  tube  A"',  25.55  mm.  long  and  about  0.1425  mm.  in  diameter, 
a  pressure  of  774.895  mm.  gave  a  flow  increasing  faster  than  the  i^res- 
sure  by  1.798  per  cent  when  compared  with  that  which  occurred  under 
a  pressure  of  387.52  mm. 


'  See  report  in  Comptes  rendus,  meeting  of  December  26,  1842. 
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With  tube  A^^,  15.75  mm.  long  and  0.1415  mm.  in  diameter,  the  per- 
centage departures  were  as  follows : 

Percentage  of  departure  of  flow  from  Poiseuille- Meyer  law  in  capillar y  tube  15.75  mm. 

long  and  0,1415  in  diameter. 


Pressure. 

Departure. 

Millimeters. 

Per  cent. 

24.  661 

49.  591 

—1.  286 

98.  233 

—1.  094 

148. 233 

—1. 169 

194.  257 

—1.  702 

388. 000 

—3.  853 

775. 160 

—7.  718 

With  Tube  A^,  9.55  mm.  long  and  0.1415  mm.  in  diameter,  the  per- 
centage departures  were  as  follows ; 

Percentage  of  departure  of  flow  from  Poiseuille- Meyer  law  in  capillary  tube  9.55  mm. 

long  and  0.1415  mm.  in  diameter. 


Pressure. 

Departure. 

Millimeters . 

Per  cent. 

23.  638 

49. 185 

—  0.8256 

99. 221 

—  2.  489 

148. 623 

—  3.  681 

193.  315 

—  5.  421 

387. 737 

—12.  20 

774.  62 

—21.  78 

With  Tube  B,  100.05  mm.  long  and  with  a  diameter  about  0.1135  mm., 
the  agreement  was  within  less  than  0.06  x)er  cent  for  three  trials,  the 
departures  being  minus.  Tube  B^,  which  was  a  piece  of  B,  also  gave 
very  close  agreement  with  the  law  in  seven  trials,  the  flows  all  being  a 
little  too  fast.  Tubes  B^^  and  B'",  still  shorter  pieces  of  B,  also  satis- 
fied the  law  quite  closely,  the  departures  being  five  plus  and  three  minus. 

With  the  Tube  O,  100.325  mm.  long  and  having  a  diameter  of  about 
0.085  mm.,  and  also  its  pieces  C\  C"^,  and  C'''  down  to  a  length  of 
10  mm.,  all  agree  with  the  law  within  narrow  limits,  the  flow  increas- 
ing faster  than  the  pressures  with  0,  G^,  and  0*",  but  slower  with  C^', 
except  the  last,  and  faster  with  all  of  G^^  but  the  two  under  the  high- 
est pressures. 

With  his  TubeD,  having  a  length  of  100.3  mm.  and  a  diameter  about 
0.044  mm.,  and  his  pieces  of  the  same  tube,  D^,  D",  and  D'",  down  to  a 
length  of  9.95  mm.,  all  under  rather  high  pressures,  there  was  a  close 
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agreement  with  the  law,  the  departures  being  nearly  equally  divided, 
eleven  plus  and  six  minus. 

With  Tube  E,  23.1  mm.  long,  having  a  diameter  of  0.029  mm.,  and  E' 
and  W\  the  agreement  of  the  law  is  as  close  as  about  0.1  per  cent,  there 
being  eight  cases  with  the  flow  a  little  too  fast  and  four  too  slow. 

With  his  Tube  F,  having  a  length  of  383.825  mm.  and  a  diameter  at 
the  two  ends  of  0.61G  mm.  and  0.G932  mm.,  he  used  water  pressures 
ranging  from  126.92  mm.  to  10462.08  mm.,  and  secured  an  agreement  of 
about  +.25i)er  cent  at  the  lowest  pressure  and  —1.6  percent  under  the 
highest. 

Then  with  a  piece  of  the  same  tube,  F',  200  mm.  long,  he  obtained 
the  following  results : 

Belation  of  flow  to  pressure  with  capillary  tube  200  mm.  long  and  0.616  mm.  to  .6932  mm. 

in  diameter. 


Ko. 

Pressure  of 
water. 

Observed  flow 
per  second. 

Computed  flow 
per  second. 

Percentage 
departure. 

Millimeters. 

Cubic  cm. 

Cubic  cm. 

1 

83.  36 

0.  01356 

2 

127.  60 

. 02096 

0. 02076 

+    .  9632 

3 

163.71 

. 02673 

. 02664 

+    .  3386 

4 

328. 82 

. 05388 

. 05350 

+    .  7102 

5 

661.  29 

. 10840 

. 10510 

+  3. 1380 

6 

1,  321.  87 

. 21550 

. 21070 

+  2.2310 

7 

1,  981.  76 

.31220 

. 32240 

—  3. 164 

8 

2,  626.  58 

. 41820 

. 42750 

—  2. 176 

9 

5,210. 27 

. 78070 

. 84780 

—  7.915 

10 

10,  459. 10 

1.  40500 

1. 70200 

—17.  450 

With  a  still  shorter  piece  of  the  same  tube,  F",  99.725  mm.  long,  he 
found  the  following  results: 

Belation  of  flow  to  pressure  in  capillary  tube  09.725  mm.  long  and  0.616  mm.  to  .6933  mm. 

in  diameter. 


No. 

Pressure  of 
water. 

Observed  flow 
per  second. 

Computed  flow 
I)er  second. 

Percentage 
dei»arture. 

Millimeters. 

Cubic  cm. 

Cubic  cm. 

1 

81.83 

0.  02638 

2 

163.  97 

. 053555 

0. 05286 



+  1.314 

3 

331.  51 

. 10650 

.  1068 

—    . 2808 

4 

664. 36 

. 20790 

.21415 

—  2.  919 

5 

1,  323. 58 

. 39040 

. 42675 

—  8.518 

6 

1,984.95 

.  56660 

. 63980 

—11.44 

7 

2,  585.  33 

. 70260 

.  8.3320 

—15.  68 

8 

5,  207.  73 

1.17100 

1. 17900 

—30.  26 

9 

10,  454. 54 

1. 9520 

3.  36800 

—42. 04 
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The  relations  of  the  observed  to  the  computed  flows  in  this  table  and 
in  the  one  preceding  are  represented  graphically  in  fig.  38. 


rvi<^      /OO  200  30O  ^OCt  ySOOcm. 

Fig.  38. — Diagram  showing  relation  of  pressure  to  flow  through  Poiseuille's  capillary  tubes  F  and  F'. 


straight  lines  show  theoretical  flow ;  +  clots,  observed  flow  increasing  faster  than  pressure ;  —  dots, 
flow  increasing  slower  than  pressure.    Abscissas  indicate  pressure  and  ordinates  flow. 

It  is  quite  remarkable  that  in  Poiseuille's  Tube  T,  258  mm.  long  and 
with  a  diameter  of  about  0.09  mm.,  the  flow  increased  faster  than  the 
pressure  by  amounts  ranging  from  1.552  per  cent  to  4.182  per  cent, 
even  under  such  high  pressures  as  3,850.16  mm.  up  to  6,130.08  mm.  of 
mercury.  This  departure  from  the  law  appears  to  be  entirely  analagous 
to  those  cases  which  have  been  cited  for  sands,  soils,  and  rock  where 
the  flow  increases  faster  than  the  pressure. 

It  has  been  shown  that  in  the  case  of  wire  gauze  the  flow  of  water 
through  it  was  at  first  a  little  too  slow  to  conform  with  the  law;  then, 
as  the  pressures  were  made  larger,  it  increased  faster  than  the  pres- 
sure, but  finally  came  to  increase  less  rapidly  than  the  pressures  as  the 
head  was  augmented.  And  in  Poiseuille's  tube  K  he  observed  the  same 
phenomena,  the  flow  being  at  first  too  slow,  then  too  fast,  and  finally 
too  slow  to  conform  with  his  law,  the  departures  from  the  law,  when 
expressed  in  percentages,  standing  as  follows:  —0.09565,  —0.01688, 
+  0.0513,  +1.618,  +  2.237,  -0.9306,  -0.4409,  -3.851,  -0.4553, 
-  0.6886,  -  0.6366.  This  tube,  too,  had  a  length  of  364  mm,  and  a 
diameter  of  0.1316  mm.,  while  the  pressures  ranged  from  5  mm.  to 
6,136  mm. 

The  similarity  of  Poiseuille's  results  to  those  which  have  been  cited 
for  porous  media  is  further  shown  when  it  is  stated  that  of  thirty-nine 
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tubes  used  by  him,  liaviDg  lengths  greater  than  1  mm.,  twenty-three 
gave  flows  increasing  faster  than  the  pressure  throughout  the  ex^^eri- 
ment,  or  through  the  lowest  pressures.  Of  the  seventeen  tubes  which 
are  longer  than  51  mm.,  all  but  two  have  the  flow  increasing  faster 
than  the  pressure  for  the  lowest  heads.  Of  the  seventeen  tubes  less 
than  27  mm.  long,  there  are  seven  in  which  the  flow  increased  faster 
than  the  pressure  under  the  lowest  heads,  and  of  these  seven  there 
are  four  in  which  the  flow  increases  faster  than  the  pressure  throughout 
the  range  of  the  experiment.  The  shortest  tube  used  by  Poiseuille, 
in  which  the  flow  increased  faster  than  the  pressure  throughout  the 
range,  was  only  8.5  mm.,  while  a  still  shorter  piece  of  the  same  tube, 
2.1  mm.,  gave  a  flow  increasing  faster  than  the  pressure  in  all  but  the 
highest,  yet  the  pressures  ranged  from  24  mm.  to  773  mm.  of  mercury. 
The  diameter  of  these  two  jueces  of  tubes  was  about  0.0297  mm. 

Eesults  of  Cohen.^ — Investigations  made  by  R.  Cohen  on  the  influence 
of  pressure  on  the  viscosity  of  fluids  appear  also  to  indicate  that  under 
even  very  high  pressures  the  flow  of  water  increases  faster  than  the 
pressure.  This  author  states  that  tlie  experiments  of  Eontgen  and  of 
Warburg  and  Sachs  show  that  the  viscosity  of  water  is  decreased  by 
pressure,  which  is  equivalent  to  saying  that  the  flow  increases  faster 
than  the  pressure. 

Cohen  made  his  experiments  with  water,  with  salt  solutions,  and 
with  turi)entine,  measuring  the  flow  through  capillary  tubes  under 
pressures  as  high  as  100,  200,  300,  400,  500,  000,  900  atmospheres.  One 
of  his  tubes  had  a  length  of  20  cm.  and  a  diameter  of  0.24  mm. 

It  should  also  be  noted  that  Cohen  used  both  air  free  water  and  that 
which  contained  the  normal  amount,  and  found  practically  no  diflerence 
between  his  results. 

The  quantity  of  water  flowing  through  the  capillary  tube  with  each 
experiment  is  not  given,  but  the  results  are  expressed  in  the  meantime 
of  flow  in  seconds  computed  for  one  atmosphere,  and  these  for  pure  water, 
witli  the  percentage  departures,  are  given  in  the  table  which  follows: 


Table  ahoiving  the  j-elation  of  pressure  to  flow  of  air  through  cajnllarij  tubes  under  wide 

variations  of  pressure,  by  Colien. 


Pressure 
in  atmos- 
pheres. 

Time  of  flow 
ill  second fl, 
computed  to  1 
atmosphere. 

Percentaiie 
departure. 

Time  of  flow 
in  seconds, 
computed  to  1 
atmosphere. 

Percenta<je 
departure. 

Time  of  flow 
ill  seconds, 

computed  to  1 
atmosphere. 

Percentage 
departure. 

1 

100 
200 
300 
400 
500 
600 
700 
900 

2,  836.  25 
2,  816.  00 
2,  800. 58 
2,  794.  42 
2,  775.  50 
2,  778.  50 



2,  600.  62 
2,  587. 50 
2,  568.  25 
2, 559.  50 
2,  544. 17 
2,  535.  50 

3, 147.  40 
3, 132.  5 

+  -71 

+  1.47 
+2.  14 
-1-2.  03 

+  .51 
+1.  25 
+1.  60 
+2. 17 
+2.  .50 

+  . 

3, 100.  30 

+  1.  10 

3,  073.  83 

+2.  33 

2,  772.  50 
2.  761.75 

+2.21 
+2.  63 

2,  538. 50 

+2.40 

3,  060.50 

+2. 7t; 

'  Aunalen  der  Physik  und  Chemie,  new  series,  Vol.  XLV,  1892,  ]».  666. 
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These  three  sets  of  experiments  are  closely  concordant  in  showing 
that  the  time  becomes  shorter  relatively  as  the  pressures  are  increased, 
and  hence  that  the  flow  increases  faster  than  the  pressure.  These  flows 
are  either  all  at  a  temperature  of  15°  or  else  they  have  been  reduced 
to  that  temperature. 

Cohen  shows,  both  from  his  own  observations  and  from  those  of 
Eontgen  and  of  Warburg  and  Sachs,  that  the  viscosity  decreases  faster 
under  low  pressures  than  it  does  under  high  pressures,  and  that  it  also 
decreases  faster  under  high  temperatures  than  it  does  under  low  tem- 
peratures up  to  40°  at  least. 

These  observations,  therefore,  appear  to  be  in  accord  with  what  has 
been  cited  from  the  observations  both  of  the  writer  and  of  others 
regarding  the  flow  of  water  through  porous  media,  and  they  are  cer- 
tainly not  contradicted  by  the  observations  of  Poiseuille,  for  it  has 
been  shown  that  there  was  a  marked  tendency  for  the  flow  to  increase 
faster  than  the  pressure,  especially  under  his  lower  heads. 

Cohen  further  concludes  from  his  observations  that  with  strong  salt 
solutions  (25.7  per  cent  of  J^aCl  to  13.8  -per  cent,  and  26  per  cent  of 
INH4CI)  the  viscosity  increases  with  the  pressure,  but  that  when  these 
solutions  are  not  so  strong,  as  for  example  4  per  cent  to  8  per  cent  of 
NaCl,  the  viscosity  again  decreases  with  the  pressure,  as  he  found  it 
with  pure  water  5  but  when  the  viscosity  decreased  with  increase  of 
pressure  in  these  dilute  solutions  at  2°  there  came  a  reversal  again  at 
14.50  for  the  8  per  cent  solution  of  NaOl. 

These  data  indicate  that  there  is  a  certain  strength  of  solution  and 
pressure  where  Poiseuille's  law  may  hold,  while  with  weaker  solutions 
the  flow  would  increase  faster  than  the  pressure,  and  with  stronger  solu- 
tions the  flow  would  not  increase  so  fast  as  the  pressure. 

Or,  further,  a  given  strength  of  solution  may  obey  Poiseuille's  law  at 
one  temi)erature,  while  at  a  lower  temiDerature  the  flow  will  increase 
faster  than  the  pressure,  and  above  the  same  temperature  the  flow  will 
not  increase  so  fast  as  the  pressure;  thus,  Cohen  found  that  with  an  8 
per  cent  solution  of  KaCl  under  pressures  of  1  and  600  atmospheres  the 
flow  was  proportional  to  the  pressure  at  11°  C,  but  greater  below 
11°  C,  and  less  above. 

It  follows,  therefore,  from  these  considerations,  if  the  conclusions 
stated  are  true,  that  it  is  only  when  a  fortunate  combination  of  various 
conditions  occur  that  a  set  of  observed  flows  of  a  fluid  through  either 
capillary  tubes  or  porous  media  will  be  found  to  be  exactly  proportional 
to  the  pressure,  and  that  it  is  much  more  likely  to  be  true  that  the  flow 
will  be  either  too  fast  or  too  slow  to  conform  with  the  law. 

Results  of  Meyer  ^  with  air, — If  we  now  refer  to  some  of  those  results 
of  O.  E.  Meyer  which  are  held  as  establishing  the  law  of  Poiseuille 
for  air,  we  shall  find  that  while  under  certain  conditions  of  length  and 
diameter  of  tube  and  of  pressure  there  is  a  close  agreement  with  the 
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law,  yet  there  are  real  departures  which  are  of  the  same  general  char- 
acter as  those  shown  by  these  observations  for  air,  while  at  the  same 
time  they  are  in  essential  agreement  with  those  cited  for  water. 

Taking  the  observations  which  Meyer  made  with  his  Tube  II,  having 
a  mean  area  of  cross  section  of  .001114  sq.  cm.,  we  get  the  results 
given  in  the  table  below,  where  his  logarithmic  difl'erences  have  been 
used  and  departures  found  from  the  constant  given  by  the  flow  under 
the  highest  pressure  expressing  the  variations  from  the  standard  as 
(  +  )  or  (  — ),  according  as  the  flow  increased  faster  than  the  pressure 
or  not  so  fast.  As  there  was  a  leak  in  the  apparatus  during  experi- 
ment 0,  these  data  are  omitted  from  the  table. 

Table  showing  the  relations  of  pressure  to  fiow  of  air  in  capillary  Tube  II,  hi/  Meyer. 


Experiment 

1 

2 

3 

4 

5 

7 

14 

Leugtli  of  tube  cm.. 

155.3 

155.3 

155.3 

155.3 

155.3 

155.3 

41.2 

Pressures    of    mercury,  r 

1,  34G.  7 

1,  326.  7 

631.7 

663.4 

700.4 

619.0 

1,395.9 

mm  I 

to  344.  9 

to  392.  8 

to  152.0 

to  386.  6 

to  195.  2 

to  131.0 

to  353. 5 

First  logaritliniic  diflfer- 

.0362 

.0373 

.0528 

.0205 

.0195 

.0552 

.0706 

■ 

+3 

—3 

—  1 

+  8 

+1 

 2 

.  —16 

—2 

—4 

0 

+2 

+3 

—6 

—31 

Departures  from  the  first 

—9 

—5 

+  5 

+4 

+2 

—8 

—32 

—6 

—5 

+  10 

+5 

+  1 

logaritlimic  difFercBces. 

— 7 

—5 

+  13 

+6 

+2 

—6 

— 5 

—9 

Percentage  de-  j^largest . . . 

2.  486 

1.  609 

2.  462 

3.903 

1.538 

1.449 

4.533 

partures  ^smallest. . 

.553 

.804 

.000 
• 

.976 

.513 

.362 

2.  266 

Experiment — 


16 


19 


20 


Length  of  tube  cm..j  66.4 

Pressures    of    mercur3',j  1,410.7 

mm  ^  to  475.  3 

First  logarithmic  difier- 

ences   


Departures  from  the  first 
logarithmic  dillerences. 


Percentage  de- rlargeat . . 
jiartures  Ismaile-st. 


0756 
—15 
—22 


66.4 
1, 422. 7 
to  262. 2 

.  136 
—3 
—6 
—8 
—9 


66.4 
862.7 
to  140. 1 

.0975 
—17 
—27 
—18 
—24 
—25 
—25 
-12 


21 


22 


23 


24  ! 


25 


66. 4       66.  4 
441. 1      822.  9 
to  115. 5  tol23.1 


2.  910 
1.984 


6.  618 
2.  206 


2.  769 
1.231 


0853 
+  G 
+16 
+13 
+  9 
+  18 
+20 


198 
—2 
—5 
—6 


66.4 
!  700. 9 
I  to  153.7 

.0751 
—10 
—17 
—21 
—26 
—23 
—16 


2.345  3.030 
.703  '  1.010 


3.462 
1.332 


66.4 
728.6 
tol88.3 

.0812 
+  9 
+4 
+3 
+9 
0 

—2 
0 
0 


902 
000 


66.4 
767.2 
to  187.  4 

.0773 
-24 
—26 
—24 
—24 
—27 
—27 

 22 

—25 
—25 
3.  493 
2.846 
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Tahlt  showing  the  relations  of  pressure  to  floiv  of  air  in  capillary  Tube  I,  hij  Meyer. 


Experiment — 


Length,  of  tube  . .  .cm. . 

Pressures    of  mercur5',j 
mm  

First  logarithmic  differ- 
ences  


Departures  from  the  first 
losrarithmic  differences'. 


Percentage  de-^largest . . . 
partures  Umallest. . 


156.2 
1,447.4  1, 


to  353. 8 

.0408 
+  1 
— 1 
0 

— 1 


to 


25 
0 


9 

156.2 
379.4 
512.8 

.  0409 
-fl8 
+  13 
+  14 
+13 
+13 
+14 
+  14 
+15 
+  15 
+  13 
4.  401 
3. 179 


10 


156.2  I  76.7 
1, 399.  6  j    1,  398.  6 
to  472.  5  !  to  581.8 


.0439 
+  6 
+  5 
+4 
+4 
+4 
+6 
+5 
+4 
+4 
+  3 

1.367 
.6^3 


,0375 
—  2 
— 1 
—3 
—2 


.800 
266 


13 


79.  75 
1,  414.  7 
to  608. 4 

.0365 

+4 
+  2 
+2 
+  1 


1.096 
.274 


17 

49. 45 
1,  424.  4 
to  399.  0 

.0541 
+7 
0 

—5 
—6 


18 

26.  85 
1,  399.  6 
to  364.  2 

.0890 
—4 
—7 


1.295 
.000 


7.865 
4.  494 


It  will  be  seen  from  these  tables  that  there  is  a  marked  tendency  for 
the  flows  to  be  either  too  rapid  or  too  slow  to  conform  with  the  law, 
the  largest  percentage  dej)artures  in  the  first  table  ranging  from  1  per 
cent  to  4.5  per  cent  and  the  smallest  departures  from  0  to  2.85  -per  cent. 

Eeferring  now  to  his  whole  series  of  experiments  the  following  state- 
ments are  true.  With  his  longest  tubes  there  were  37  cases  where  the 
flow  increased  faster  than  the  pressure  and  19  where  it  increased  less 
rapidly,  a  ratio  of  nearly  2  to  1  j  but  with  his  medium  and  short  tubes 
there  were  but  15  cases  where  the  flow  increased  faster  than  the  pres- 
sure, while  there  were  45  in  which  the  flow  increased  less  rapidly  than 
the  x)ressure. 

These  relations  would  appear  to  show  that  under  certain  conditions 
there  is  a  tendency  for  the  flow  of  air  to  increase  faster  than  the  pres- 
sure, while  under  others  the  tendency  is  in  the  opposite  direction,  and 
that  the  observations  of  Meyer  are  qualitatively  in  accord  with  those 
cited  relating  to  the  flow  through  various  porous  media,  both  of  water 
and  of  air. 

SUMMARY  OF  OBSERVATIONS  ON  THE  RELATION  OF  PRESSURE 
TO  FLOW  OF  FLUIDS  THROUGH  POROUS  MEDIA. 

1.  Reference  has  been  made  to  222  comj)arisons  of  observed  and  com- 
puted flows  of  water  through  capillary  tubes,  obtained  from  the  use  of 
44  different  tubes.  Of  these  44  tubes  there  were  16  in  which  the  entire 
series  of  observations  gave  flows  increasing  faster  than  the  pressure. 

2.  Of  the  44  tubes  used  there  were  22  longer  than  5.1  cm.,  and  of 
these  20  gave  flows  increasing  faster  than  the  pressure  for  the  lowest 
heads  used. 

3.  Of  the  44  tubes  used  17  did  not  exceed  a  length  of  2.7  cm.,  and 
of  these  there  were  7  in  which  the  flow  increased  faster  than  the  pres- 
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sure  under  the  lowest  heads,  while  of  these  7  there  were  4  iu  which  the 
flow  increased  faster  than  the  pressure  throughout  the  range  of  the 
exi)eriment. 

4.  The  shortest  tube  used  by  Poiseuille  in  which  the  flow  increased 
faster  tban  the  pressure  throughout  the  range  of  the  experiment  was 
only  0.85  cm.,  while  a  still  shorter  piece  of  the  same  tube,  only  0.21  cm., 
gave  a  flow  increasing  faster  than  the  pressure  iu  all  but  the  highest 
head. 

5.  Of  55  comparisons  of  flow  of  water  through  wire  gauze  under 
pressures  of  1  cm.  to  30  cm.,  in  all  but  5  the  flow  increased  faster  than 
the  pressure;  while  in  25  other  cases,  under  pressures  of  88  to  91G  cm., 
there  were  18  in  which  the  flow  did  not  increase  as  fast  as  the  pressure. 

6.  Of  75  comparisons  by  Newell  of  the  flow  of  water  through  rock 
0.5  inch  thick  or  less  and  under  pressures  of  09  to  2,758  cm.  of  water, 
there  are  44  cases  where  the  flow  increased  faster  than  the  pressure. 

7.  Of  147  comparisons  of  the  flow  of  water  through  rock  from  1.5 
inches  to  0  inches  thick  under  pressures  of  21  to  1,055  cm.  of  water,  in 
all  but  3  cases  the  flow  has  increased  faster  than  the  pressure. 

8.  Of  132  comparisons  of  the  flow  of  water  through  columns  of  sand 
from  105.4  to  1,022  cm.  long  under  pressures  from  1  cm.  to  1,150  cm.  of 
water,  in  all  but  32  cases  the  flow  increased  faster  than  the  pressure. 

9.  The  flow  of  water  has  increased  faster  than  the  pressure  by 
amounts  varying  with  the  sands  from  0  to  45.79  percent;  with  rock 
from  0  to  85.9  per  cent;  with  capillary  tubes  from  0  to  20.9  per  cent. 

10.  Of  59  comparisons  made  by  the  writer  of  the  flow  of  air  through 
sand,  sandstone,  dust,  shot,  bundles  of  knitting  needles,  and  capillary 
tubes,  under  pressures  from  1  mm.  to  50  mm.  of  water,  in  all  cases  but 
10  the  flow  has  increased  faster  than  the  pressure. 

11.  Of  84  comparisons  made  by  the  writer  of  the  flow  of  air  through 
columns  of  sand  and  dust  shot  from  175.26  cm.  to  87.63  cm.  long,  under 
pressures  of  105.4  cm.  of  water  to  1,022  cm.,  the  flow  failed  to  increase 
as  fast  as  the  pressure  by  amounts  ranging  from  59  to  128  per  cent. 

12.  Of  84  comparisons  made  by  the  writer  of  the  flow  of  air  through 
sandstones  from  4.1  cm.  to  14.3  cm.  long,  under  pressures  of  105.4  to 
1,022  cm.  of  water,  the  flow  failed  to  increase  as  fast  as  the  pressure  by 
amounts  ranging  from  5.5  per  cent  to  17.8  per  cent. 

13.  Of  160  comparisons  of  the  flow  of  air  through  sands  and  soils 
under  pressures  of  2  to  10  cm.  and  through  lengths  of  columns  of  25 
to  100  cm.,  Wollny  linds  the  flow  directly  proportional  to  the  pressure 
in  all  but  20  cases,  of  which  4  are  faster  and  16  slower. 

14.  Of  124  comparisons  of  the  flow  of  air  through  sands  and  soils 
under  pressures  of  2  to  18  cm.  of  water  and  through  lengths  of  20  to 
300  cm.,  Welitschkowsky,  Kenk,  and  Amnion  found  tlie  How  not  increas- 
ing as  fast  as  the  i)ressui'e  in  all  cases  but  12,  of  which  11  agreed  with 
the  law  and  1  was  too  last. 

15.  Of  121  comparisons  of  the  flow  of  air  through  (•ai)illary  tubes 
26.8  to  156  cm.  long  and  under  pressures  of  149  to  1,548  cm.  of  water, 
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Meyer  found  64  cases  of  the  flow  increasiug  faster  than  the  pressure, 
52  where  it  was  not  so  fast,  and  5  agreements  with  the  law. 

16.  Of  58  comparisons  with  his  tubes  about  150  cm.  long  the  flow  of 
air  increased  faster  than  the  pressure  in  37,  or  about  two-thirds  of  the 
cases ;  but  with  his  shorter  tubes  the  flow  increased  faster  than  the 
pressure  in  only  15  out  of  63  cases. 

17.  With  all  the  observations  of  all  of  the  observers,  whether  with 
sands,  rock,  or  capillary  tubes,  whether  with  high  or  low  pressures,  and 
whether  with  long  or  short  tubes  or  columns,  the  departures  from  the 
Poiseuille-Meyer  law  have  been  systematically  either  plus  or  minus 
instead  of  first  one  side  and  then  the  other,  as  should  be  expected  if 
the  departures  were  due  to  errors  of  observation,  unless  indeed  some 
peculiarity  in  the  many  forms  of  apparatus  is  responsible  for  the  sys- 
tematic departures  which  have  been  so  persistently  found  by  nearly 
every  observer. 

SIGNIFICANCE  OF  THE  DIFFERENCES  IN  THE  VALUE  OF  THE 
COEFFICIENT  OF  VISCOSITY  AS  DETERMINED  BY  DIFFERENT 
METHODS. 

The  evidence  which  has  been  presented  regarding  the  flow  of  water 
through  rock  and  through  sands  demonstrates  beyond  question  that  it 
does,  under  certain  conditions,  increase  faster  than  the  pressure.  The 
magnitude  of  the  observed  departures  from  the  Poiseuille-Meyer  law 
and  the  persistency  with  which  the  results  have  recurred  are  too  great 
to  be  explained  by  errors  of  observation.  So,  too,  regarding  the  flow 
of  water  through  capillary  tubes,  the  results  which  have  been  reviewed 
have  been  obtained  by  such  careful  methods  and  with  such  acknowl- 
edged skill  that  there  is  left  little  room  for  doubt  that  under  certain 
conditions  the  flow  of  water  through  capillary  tubes  does  increase 
faster  than  the  pressure.  Likewise  regarding  the  flow  of  air  through 
porous  media,  the  large  number  of  cases  which  have  been  cited,  the 
magnitude  of  the  departures  and  the  i)^i'sistency  with  which  like 
results  have  recurred,  together  with  the  acknowledged  care  and  skill 
under  which  some  of  the  results  were  obtained,  appear  to  leave  little 
room  to  doubt  that  with  air  also  the  flow  may  increase  faster  than  the 
pressure  when  conditions  are  favorable. 

It  has  from  the  first  been  recognized  that  under  certain  relations  of 
length  and  diameter  of  tube  to  velocity  of  flow  the  Poiseuille-Meyer 
law  did  not  hold  and  that  the  discharge  fell  below  the  amount  which 
would  be  computed.  This  falling  away  in  the  amount  of  visible  work 
done  has  been  explained  by  the  absorjDtion  of  energy  at  the  ends  and 
within  the  body  of  the  tube  through  the  setting  up  of  vortex  or  other 
movements  of  the  water  more  or  less  transverse  to  the  axis  of  the  main 
stream,  which  necessarily  absorbed  more  or  less  of  the  energy,  tending 
to  produce  flow  and  thus  to  diminish  the  amount  discharged  in  a  unit 
of  time.  But  the  fact  that  the  flow  may  increase  faster  than  the  pres- 
sure does  not  appear  to  have  been  generally  recognized,  and  the  writer 
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has  nowhere  seen  it  explicitly  stated  in  any  discussion  of  the  laws  of 
capillary  flow. 

It  is  true  that  a  flow  increasing  more  rapidly  than  the  pressure  could 
occur  only  under  conditions  where  the  resistance  to  the  flow  became  less 
as  the  pressure  became  greater,  and  as  the  earlier  theoretical  investiga- 
tions of  Maxwell  led  to  the  deduction  that  the  viscosity  of  gases  must 
be  iudepeudent  of  pressure  there  was  no  apparent  means  of  exi)laining 
a  flow  which  increased  more  rapidly  than  the  pressure. 

The  later  experimental  investigations  of  Rontgen,^  Warburg  and 
Kundt/^  Warburg  and  Sachs,'  and  Cohen  ^  appear  to  have  established 
the  fact  that  the  viscosity  of  both  water  and  air  does  change  with  pres- 
sure, that  of  water  appearing  to  decrease  in  some  ratio  or  amount  with 
the  increase  of  pressure.  At  any  rate  their  observations  indicate  that 
for  water  the  flow  through  capillary  tubes  increases  faster  than  the 
pressure,  even  when  that  pressure  is  very  great,  and  this  has  been 
interpreted  as  meaning  that  the  viscosity  has  decreased  with  increased 
pressure. 

It  is  a  significant  fact  in  this  connection  that  all  determinations  of  the 
viscosity  of  water  and  of  air  by  the  capillary  or  transpiration  method 
have  given  results  which  are  lower  than  those  derived  from  observa- 
tions of  oscillating  disks  or  spheres  or  swinging  pendulums.  And 
while  various  corrections  have  been  api)lied  from  time  to  time  which 
have  tended  to  bring  the  results  of  the  different  methods  into  closer 
agreement,  it  is  still  true  that  those  derived  from  flows  through  capil- 
lary tubes  are  smaller  than  those  obtained  by  other  methods.  But  this 
relation  of  determined  values  is  what  should  be  expected  did  the  flow 
of  fluids  through  capillary  tubes  and  porous  media  increase  faster  than 
the  pressure.  The  extremely  careful  work,  therefore,  which  has  been 
done  to  determine  the  viscosity  of  fluids,  it  appears,  may  be  legiti- 
mately placed  in  evidence  in  support  of  the  view  that  the  flow  of  air 
and  of  water  through  capillary  tubes  and  through  sands,  soils,  and 
rock  may  increase  more  rapidly  than  the  pressure. 

It  is  diflicult  to  see,  however,  on  the  principles  of  the  conservation  of 
energy,  how  it  is  possible  for  the  flow  to  increase  faster  than  the  pres- 
sure, and  except  for  the  observations  which  have  been  presented  the 
proposition  would  appear  absurd. 

It  has  already  been  pointed  out,  in  connection  with  tlie  flow  of  water 
througli  wire  gauze,  that  if  entangled  air  Avere  present  its  reduc^tion 
in  volume  with  increase  of  pressure  might  increase  the  effective  cross 
sections  of  the  pores  so  far  as  to  permit  a  series  of  increasing  flows  to 
take  pla(;e;  but  the  amount  of  entangled  air  wliich  Avould  be  required 
under  those  pressures  to  explain  the  observed  inc^rease  in  flow  is  greater 
than  could  x)robab]y  be  present. 

Even  if  it  is  admitted  that  in  some  manner  entangled  air  in  porous 

'  AnnaUn  (l»  r  Physik  und  Cbemie,  Vol.  XXII,  1884,  i»p.  510,  518. 

2  Annalfii  <ifr  IMiysik,  Vol.  CLV,  1875.  p.  .T!7. 

3  Aiiiialcii  <1<  T  I*li\  Hik  1111(1  ClK'iiiic,  Vo].  XJ.\',  IMtL',  ji.  (JGG. 
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media  is  responsible  for  tlie  increase  of  flow  faster  tlian  the  increase  of 
pressure  wliicli  has  been  observed,  it  is  not  easy  to  see  how  the  same 
explanation  is  applicable  to  the  cases  which  have  been  observed  with 
the  straight  capillary  tubes,  for  here  the  air  should  be  easily  swept 
forward  and  out  by  the  moving  stream.  Were  it  possible  for  a  small 
bubble  or  series  of  bubbles  of  air  to  remain  fixed  to  the  walls  of  the 
capillary  tube  through  which  the  water  was  flowing,  an  increase  of 
pressure  would,  by  compressing  the  air,  increase  the  cross  section 
of  the  tube  and  thus  i)ermit  the  augmented  floAv  observed. 

But,  admitting  that  this  explanation  is  applicable  to  the  flow  of  water 
through  the  capillary  tubes,  we  are  still  confronted  with  the  cases  where 
the  flow  of  air  through  the  sands,  dust  shot,  sandstones,  bundles  of 
knitting  needles,  and  even  the  cai^illary  tubes  under  the  manipulation 
of  Meyer,  has  been  too  rapid  to  conform  with  the  law,  by  amounts 
as  great  as  3.1  to  4.4  per  cent  in  his  series  9,  Tube  I,  while  in  these 
experiments  the  dust  shot  gave  flows  increasing  faster  than  the  pres- 
sure by  as  much  as  11  per  cent,  and  the  longest  piece  of  thermometer 
tubing  used  gave  a  departure  in  the  same  direction  larger  than  this. 

Were  it  admissible  to  suppose  that  the  stationary  or  comparatively 
stationary  film  of  fluid  adhering  to  the  walls  of  the  tube  through 
which  the  water  or  air  is  flowing  could  itself  become  thinner  as  the 
pressure  is  increased,  then  this  change  would  have  the  efl'ect  of 
increasing  the  effective  diameter  of  the  tube  or  pore  and  thus  of  allow- 
ing the  flow  to  increase  faster  than  the  pressure,  while  at  the  same 
time  the  viscosity  might  remain  unchanged  and  yet  appear  to  decrease 
with  the  pressure. 

It  is  a  common  exi)erience  that  if  a  vessel  filled  with  water  is  turned 
bottom  up  and  held  for  a  second  for  the  water  to  run  out,  and  is  then 
set  down  to  rest  for  a  short  interval,  the  water  left  adhering  to  the 
side  will  drain  to  the  bottom  in  such  amount  that  a  very  perceptible 
quantity  may  be  poured  out  on  again  inverting  the  vessel.  This 
demonstrates  that  there  is  a  film  of  water  of  some  thickness  which 
moves  quite  slowly  along  the  walls  when  urged  under  the  influence  of 
its  full  weight,  while  the  balance  of  the  water  in  the  vessel,  when  urged 
by  the  same  intensity  of  force,  much  more  quickly  leaves  the  vessel. 

We  have  found  the  first  drainage  from  a  bright  tin  vessel  under 
these  conditions  to  be  2.63  c.  c.  from  986  sq.  cm.  of  surface,  and  the 
second  drainage,  after  standing  a  second  interval,  to  be  0.257  c.  c,  the 
first  representing  a  thickness  of  film  of  about  0.026  mm.  and  the  second 
about  one-tenth  this  amount.  These  results  are  only  roughly  approxi- 
mate, and  are  cited  only  as  giving  some  basis  for  judgment. 

If  it  could  be  shown  that  this  slowly  moving  film  has  its  velocity 
accelerated  at  a  rate  which  increases  more  rapidly  than  the  pressure 
increases,  then  the  i^henomena  which  have  been  observed  could  be 
accounted  for,  provided  the  quantitative  relations  were  right.  It  is 
not  clear,  however,  that  sure  grounds  can  be  assigned  for  thinking  that 
such  a  relation  exists. 


OHAPTEE  III. 


RATE  OF  FEOAY  OF  WATER  THROUGH  SAKD  AKD  ROCK. 

In  the  preceding  chapter  an  attempt  has  been  made  to  show  how  the 
observed  flows  of  both  water  and  air  through  sand  and  rock,  as  well  as 
other  porous  media,  are  related  to  the  pressure,  and  at  the  same  time  to 
show  in  how  far  these  observed  relations  conform  to  the  Poiseuille- 
Meyer  law.  It  is  the  purpose  in  this  chapter  to  deal  with  the  results 
from  the  standpoint  of  quantity  of  flow  -per  unit  of  time  as  it  is  related 
to  various  factors. 

INFUENCE  OF  THE   FORM,  DIAMETER,  AND   ARRANGEMENT  OF 
SOIL  AND  SAND  GRAINS  ON  THE  AMOUNT  OF  FLOW. 

It  has  become  sufficiently  evident  from  the  data  and  discussion 
already  presented  that  both  the  diameter  of  the  sand  or  soil  grains  and 
the  amount  of  pore  space  which  has  resulted  from  the  massing  of  the 
grains  together  are  factors  of  fundamental  imi)ortance  in  determining 
the  amount  of  water  which  may  pass  a  given  section  of  any  stratum  in 
a  unit  of  time.  It  is  not  enough  to  know  the  percentage  volume  of 
empty  space  in  a  given  medium  when  the  possible  amount  of  flow  under 
stated  conditions  is  to  be  determined  from  theoretical  considerations; 
but  the  extent  of  subdivision  and  the  form  of  the  pores  must  also  be 
known. 

In  his  paper  in  this  volume  Professor  Slichter  has  considered  the 
mathematical  relations  of  spherical  soil  grains  of  uniform  diameter  to 
the  pore  space,  and  he  finds  that  the  minimum  value  for  such  a  case  is 
25.95  per  cent.  This  occurs  when  each  sphere  touches  adjacent  spheres 
in  twelve  points  and  forms  an  element  of  volume  which  is  a  rhombolie- 
dron,  having  face  angles  eiiual  to  60^  and  120^.  On  the  other  hand, 
when  the  spheres  touch  one  another  in  but  eight  points  and  form  an 
element  of  volume  which  is  the  cube,  then  the  pore  space  has  its  maxi- 
mum value  of  47.04  i)er  cent.  In  the  former  condition  of  packing,  a 
cubic  foot  of  sand  made  uj)  of  such  grains  will  contain  25.95  per  cent  of 
its  volume  into  which  water  may  be  poured  and  through  which  it  may 
flow,  while  in  the  se(;ond  arrangement  nearly  one-half  of  tlic  space  will 
be  unoccupied  and  may  take  part  in  the  transmission  of  fluids  through 
it.  Between  these  two  extremes  of  jiacking  there  may  result  all  vari- 
ations in  the  value  of  the  i)ore  space  between  25.95  iter  cent  and  47.04 
per  cent. 

It  is  evident  that  the  value  of  the  pore  space  for  spherical  grains  is 
in  no  way  altered  by  their  <liaineters  so  long  as  all  have  the  same  value 
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and  are  packed  in  like  manner;  quite  the  opposite,  however,  is  true 
with  the  diameter  of  the  pore  through  which  fluids  may  move,  for 
doubling  the  diameter  of  the  grain  or  sphere  increases  the  area  of 
cross  section  fourfold,  and  hence  permits  an  increase  of  flow  which  is 
more  rapid  than  the  increase  in  diameter. 

But  as  the  grains  of  soil  and  of  sand  are,  as  a  rule,  neither  spherical 
in  form  nor  uniform  in  diameter,  and  as  no  one  has  yet  investigated 
the  properties  of  the  pores  of  masses  built  out  of  units  of  irregular  form 
and  size,  it  is  a  matter  of  fundamental  importance  to  know  in  how  far 
the  actual  pores  through  which  the  movements  of  water  take  place 
may  conform  with  those  which  have  been  assigned  to  grains  spherical 
in  form. 

OBSERVED  PORE  SPACE  IN  SOIL  AND  ROCK. 

The  method  used  in  determining  the  pore  space  of  soils  and  sands 
consists  in  filling  a  cylindrical  vessel  of  known  capacity  with  the 
medium  whose  pore  space  is  to  be  determined  and  then  comj^uting  the 
pore  space  from  the  weight  of  the  material  used  and  its  specific  gravity. 

In  undertaking  this  work  it  was  early  found  that  quite  widely  differ- 
ent arrangements  of  the  grains  resulted  from  diflerent  methods  of  fill- 
ing the  vessel.  To  pour  the  material  into  the  receptacle  rapidly  or 
to  put  it  in  in  considerable  quantities  at  a  time  usually  resulted  in  a 
large  pore  space.  Ou  the  other  hand,  in  the  case  of  sands,  if  they 
were  allowed  to  fall  into  the  receptacle  in  a  fine,  steady  stream,  a 
uniform  packing  would  result  which  was  much  closer  than  could  be 
secured  by  the  other  method.  The  closest  packing  and  the  most  uni- 
form results  were  obtained  by  adding  the  material  in  small  lots  at  a 
time  and  gently  tamping  with  a  broad,  flat-faced  pestle  until  the  vessel 
was  filled.  But  by  whatever  method  the  material  was  introduced  it  was 
found  that  a  still  closer  i')acking  could  be  obtained  by  gently  jarring  at 
the  close.  The  vessel,  after  being  filled  by  tamping,  was  struck  off" 
with  a  piece  of  x^late  glass,  then  held  firmly  while,  with  light  blows, 
the  walls  of  the  tube  were  struck  gently  but  repeatedly  as  long  as  any 
reduction  in  volume  could  be  produced.  If  the  cylinder  was  not  held 
rigidly,  or  if  severe  blows  were  resorted  to,  the  pore  space  was  usually 
increased.  If  the  material  had  been  put  in  rapidly  or  in  considerable 
quantities  at  a  time,  it  was  seldom  possible  by  any  amount  of  careful 
jarring  to  secure  the  minimum  pore  space. 

The  receptacles  used  for  most  of  the  work  were  brass  cylinders  hold- 
ing nearly  either  100  cc.  or  200  cc.  and  having  a  length  of  8.678  cm.  for 
the  shorter  one  and  16.7  cm.  for  the  longer,  their  diameters  being  3.817 
and  3.812  cm.,  respectively. 

The  per  cent  of  pore  space  is  given  by  the  formula, 

Yd-W 
100  Yd  ~ 

Where  Y  is  the  volume  of  the  vessel  in  cubic  centimeters,  d  is  the 
specific  gravity  of  the  sand,  and  W  is  the  weight  of  the  sand  in  grams. 
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All  determinations  have  been  made  with  the  material  in  the  air-dry 
condition,  and  no  correction  has  been  applied  for  hygroscopic  moisture. 
The  presence  of  hygroscopic  moisture  would  increase  the  weight  of  the 
sample  beyond  its  due  value,  and  hence  when  a  correction  is  made  for 
it  the  per  cent  of  pore  space  would  be  increased.  As  the  hygroscopic 
moisture  is  found  in  greater  percentage  in  tine-grained  media  than  in 
those  which  are  coarser,  the  general  tendency  would  be  for  the  values 
found  for  the  pore  space  of  the  finer  grained  materials  to  be  most  in 
error. 

In  the  following  table  are  given  the  observed  pore  spaces  of  a  num- 
ber of  sands,  soils,  and  rocks,  together  with  the  time  required  for  5,000 
c.  c.  of  air  to  pass  through  them  under  the  conditions  there  stated.  In 
this  table  is  given  the  data  needed  for  computing  the  effective  diameter 
of  grain  from  Professor  Slichter's  formula — 

d''=Tc  J-  [8.9434-101, 

where  d  =  diameter  of  soil  grain, 

/i  =  length  of  aspirator  or  sand  column, 

s  =  area  of  aspirator  or  sand  column, 

2?  =  pressure  in  centimeters  of  water  at  20°  C, 

t  =  time  in  seconds  for  5,000  c.  c, 

[8.9434  —  10]  =  logarithm  of  a  constant. 
The  values  of  h  and  s  for  the  several  aspirators  used  are  given 
belovv: 


1 

3 

A 

B 

C 

11.69 

15.8 

8. 674 

8. 678 

16.7 

8.  .. 

4. 47812 

6. 3291 

11.  3903 

11. 4427 

11.  4084 

Table  showirifj  effective  diameters  of  sands  and  soils  with  observed  pore  space  and  rate  of 

air  movement  through  them. 


Material  used. 


No.  20  quartz  sand  

No.  20  (jnartz  sand  

No.  20  (]nai  tz  sand  

No.  20  after  wash  in  

No.  20  after  washing 
with  HCl  


Num- 
ber of 
sam- 
ple. 


As- 
pira 

tor 
tube. 


No.  20  after  rescrcriiiiig. 
No.  20  after  third  screcn- 


19  GEOL,  I'T  2 


14 


3 
3 
3 
B 

B 


Pressure 
of  water. 


Cm. 
2. 835 
2.  860 
2.  865 
2.300 

2.400 
2.  300 

2.  200 


Tempera- 
ture. 


C. 


Time  for 
flow  of  5.000 
c.  c. 


19.8 

18.9 
20. 1 

21.6 


Seconds. 
1,275 
1,245 
1,540 
230 

350 
270 


Per  cent 
of  pore 
space. 


32.92 
33.  43 
32.  94 
37.68 

34.26 
35.33 


Approxi- 
mate effect- 
ive diam- 
eter. 


260  35.25 


Mm. 
0. 4830 
.4743 
.4371 
.  5128 

.  5248 
.  5819 

.6112 


210 


MOVEMENTS  OF  GROUND  WATER. 


Table  shoiving  effective  diameters  of  sands  and  soils  witli  observed  pore  space  and  rate  of 

air  movement  through  them — Continued. 


Material  used. 


No.  20,  used  in  well 
point  No.  50  and  in 
percolation  experi- 
ment, p.  86   

No.  40  quartz  sand  

No.  40  quartz  sand  

No.  40  quartz  sand  

No.  40  quartz  sand,  used 
in  well  point  No.  80 
and  percolation  ex- 
periment, p.  86  

No.  60  quartz  sand  

No.  60  quartz  sand  (du- 
plicate)   

No.  60  quartz  sand  (du- 
plicate)   


No.  60  quartz  sand  (du- 
plicate)   


No.  60  quartz  sand  (du- 
plicate)   

No.  60  quartz  sand  (du- 
plicate)   

No.  60  quartz  sand  (du- 
plicate)   

No.  60  quartz  sand  (du- 
plicate)   

No.  60  quartz  sand  fdu- 
plicate)  

No.  60  quartz  sand  (du- 
plicate)   

No.  80  quartz  sand  

No.  80  quartz  sand  

No.  80  quartz  sand  

No.  80  quartz  sand,  used 
in  percolation  experi- 
ment, p.  86  

No.  100  quartz  sand  

No.  100  quartz  sand  

No.  100  quartz  sand  

No.  100  quartz  sand  

No.  100  quartz  sand  

No.  100  quartz  sand  


Num- 
ber of 
sam- 
ple. 


No..  100  quartz  sand, 
washed  


No.  100  quartz  sand, 
washed  in  HCl  and 
water  


8 
9 
10 
11 


12 
13 

14 

15 

1() 

17 

18 

19 

20 

21 

22 
23 
24 
25 

26 
27 
28 
29 
30 
31 
32 

33 
34 


As 
pira- 

tor 
tube. 


A 
1 
1 
3 


B 
1 

1 

3 

B 

B 

B 

B 

B 

B 

B 
1 
1 

3 

A 
1 
1 

3 
3 
3 
B 

B 
B 


Pressure 
of  water. 


Cin. 
2.  330 
3.01 
2.975 
2.  820 


2.380 
3.010 

2.  688 

2.  845 

2.50 

2.  45 

2.55 

2.55 

2.  55 

2.55 

2.  55 
3. 15 
2.80 
2.  91 

2.65 
3.37 
2. 863 

2.  94 
3.055 

3.  030 
2. 325 

2.300 
2.55 


Tempera- 
ture. 


o  C. 
13 

23.3 


13 


20.2 

19.5 

19.9 

20 

20. 1 

20.2 

20.3 
20 


13 


19.9 


Time  for 
iiow  of  5,000 
c.  c. 


18.7 


Seconds. 
1,  485 
6, 105 

5,  945 

6,  353 


3,  300 
8,  710 

9, 175 

8,  452 
2,  900 

2,  925 
3, 125 

3,  120 

3,  240 

3,  230 

%  235 
14, 565 
14,  555 
16, 195 

11,  200 
16,  420 
21,  619 
24,  845 
33,  635 
32,  540 

9,  966 

8,  450 
6.  350 


Per  cent 
of  pore 
space. 


31.46 
36.  60 
36. 56 
32. 25 


33.92 
36.45 

36.  98 
34.  20 
34.97 
34.  97 
35. 14 
35. 14 

34.  87 
34.87 

35.06 

37.  25 
37.  81 
34.91 

32.  58 
38.68 
39.  49 

35.  32 
35.32 
35.51 
39. 10 

35. 63 
35.75 


Approxi- 
mate effect- 
ive diam- 
eter. 


Mm. 
2941 
1848 
1886 
2274 


,  1717 
,  1551 

,1562 

.1777 

1708 
.  1758 
,1627 
,  1628 

1603 

,1601 

1600 
1143 
1165 
1213 

09513 
09593 
08856 
09714 
08191 
08188 
07963 

1018 
1092 
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Table  skowiny  effective  diameters  of  sands  and  soils  with  observed  pore  space  a  n  d  rate  of 

air  movement — Continued. 


]\Iateiial  used. 

Vum 
ber  of 
sam- 
ple. 

As- 
pira- 
tor 
tube. 

Pressure 
ot  water. 

Tempera- 
ture. 

Time  for 
flow  of  5,000 
c.  c. 

Per  cent 
of  pore 
space. 

mate  ett'ect- 
ive  diam- 
eter. 

No.  100  rescreened  from 



Cm,. 

Seconds. 

Mm. 

No.  80  

35 

B 

2.  575 

24.7 

2,  985 

3i).81 

.  1521 

No.  8  quartz  saud«  

36 

C 

1.  000 

16.  5 

50 

37.60 

2.54 

No.  7  quartz  sand  a  

37 

c 

1.090 

16.5 

83.33 

38.  44 

1.808 

No.  G  quartz  sand  a  

38 

c 

1.  120 

16.5 

120.8 

38.  85 

1.  451 

No.  54^  quartz  sandrt  

39 

c 

1. 150 

16  5 

163.3 

39.  26 

1.217 

No.  5  quartz  sand  a  

4  A 

40 

c 

1. 180 

16.  o 

211.  6 

39.  88 

1.  095 

No.  4  quartz  sauda  

41 

c 

1. 180 

16.5 

300 

38.53 

.9149 

^^^^    ^  /I  n    vi" "7  tt*iTlil  /f 

i2 

1. 190 

lU.  o 

475 

36.26 

.7988 

No.  2  quartz  sand  a  

43 

c 

1.200 

16.5 

693.  3 

34.  66 

.7146 

No.  1  (]uartz  sand  a  

44 

c 

1.210 

16.5 

976.  67 

34.43 

.6006 

No.  0  quartz  sand  a  

4o 

c 

1.  220 

16.  5 

1,  308 

O  i  lb) 

34.42 

.  olfaO 

Sorted  sands  mixed  20 

per  cent  each  oi  1,  \), 

13,  23,  and  27  

46 

3 

3.  050 

17,  300 

30.  09 

.  1399 

90  per  cent  ot  1-f-lO  per 

17 

Q 
O 

ouo 

qn  OA 

80  per  cent  oi  1+20  per 

cent  of  27  

48 

3 

3 

7,  249 

27.81 

.2567 

/O  per  cent  ot  l-foO  per 

cent  ot  27  

49 

3 

2.950 

14,  960 

25.  55 

.  2084 

60  per  cent  ot  1+40  per 

50 

3 

3.  060 

23,  980 

25.43 

.  1670 

50  per  cent  ot  l+oO  per 

»"»       d~\  x  ^  / 

r.  1 
Oi 

q 

oo,  00\J 

9f5  Q1 

1 99q 

40  per  ceut  oi  1+60  per 

^9 

q 
o 

q  07  ~» 
o.  u<o 

AO  nin 

97  i\a 

.  J-OOO 

30  ])er  cent  of  1+/0  per 

Do 

q 

n7~» 

'iO,  UiU 

9W  70 

.  O.M)H> 

20  per  cent  of  1+80  per 

/.t>n  i-  r\f  97 

q 
o 

i>.  oou 

in  99^ 

^1  17 

.  Oi/X-iO 

10  per  cent  of  1+90  per 

OO 

q 
o 

Q  n7n 

1  r9 

no  117 

95  per  cent  of  7+5  per 

56 

B 

2.400 

24.7 

335 

34.  23 

.  5336 

90  per  cent  of  7  +  10  per 

57 

B 

2.400 

24.  9 

410 

32.  93 

.5112 

S5  per  cent  of  7+15  per 

58 

B 

2.500 

25 

655 

31.  95 

.4164 

80  ])er  (  (Mil  of  7+20  i)er 

cent  of  35  

59 

B 

2.  45 

25 

680 

31.  79 

.  1133 

75  per  cent  of  7+25  per 

60 

B 

2.  .55 

24.9 

780 

31.  S7 

.  3780 

70  i)er  cent  of  7+:)()  i)er 

61 

B 

2. 50 

24.9 

SIO 

31.79 

.3681 

a  Sorted  .saiuls  u.si  <l  in  t  \i)erimeiit.H  mi  ]tp.  JiU-'JJO. 
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Table  showing  effective  diameters  of  sands  and  soils,  tvith  observed  pore  space  and  rate  of 

air  movement — Continued. 


Material  used. 

Num- 
ber of 
saiu- 
ple. 

As- 
pira- 
tor 
tube. 

Pressure 
of  water. 

Tempera- 
ture. 

Time  for 
flow  of  5,000 
c.  c. 

Per  cent 
of  pore 
space. 

Approxi- 
mate effect- 
ive diam- 
eter. 

65  per  cent  of  7  -|-  35  per 

Gm. 

o  G. 

Seconds. 

Jfm. 

PPnt,  rtt"  H.^ 

62 

B 

2.  35 

24.  9 

1,  150 

31.  34 

3330 

ou  per  cent  oi  /  -j-  41/  pei 

cent  of  35 

63 

B 

2.  55 

24.  9 

1.  800 

30.  29 

.  2760 

55  per  cent  of  8  -\-  45  per 

cent  of  35 

64 

B 

2.  50 

23.  2 

2,  060 

30. 12 

.  2607 

v\j  per  cenij  oi  i  -\-oyj  pei 

cent  of  35 

65 

B 

2.  45 

23.  0 

2,  380 

30.  69 

.  2384 

4o  per  cent  of  7  -j-55  per 

cent  of  35 

66 

B 

2.  425 

22.  9 

2,  795 

31.  03 

.  2155 

■dU  pel  cenTi  oi  /  -\-  ou  pei 

cent  of  35 

67 

B 

2.  50 

22.  2 

2,  765 

31. 15 

.  2132 

cent  of  35  

68 

B 

2.  35 

22.  2 

2, 825 

31.  60 

.  2120 

OU  ^JtJl  CCLl  li  OI    <  -J—  (  O  JJCi 

cent  of  35   

69 

B 

2. 50 

22.  2 

3,  200 

32.  21 

.  1880 

25  per  cent  of  7  -|-  75  per 

cent  of  35  

70 

B 

2.50 

19.7 

3,  070 

32.63 

.  1874 

20  per  cent  of  7  +  80  per 

cent  ot  35  

71 

B 

2.40 

19.5 

3,  015 

33.62 

.1836 

15  per  cent  of  7  +  85  per 

cent  of  35 

72 

B 

2.  50 

19.  4 

2,  880 

34.  30 

.  1759 

10  per  cent  of  7  -f~  90  per 

cent  of  35  

73 

B 

2.475 

20.2 

2,  925 

35.  04 

.  1708 

5  per  cent  of  7-|-95  per 

cent  of  35  

74 

B 

24.75 

20.3 

2,  825 

35.  86 

.1661 

Unsorted  sands : 

Los  Angeles — 

No.  1  

75 

C 

3.000 

15.5 

1, 162. 5 

38.  75 

.29185 

No  2 

76 

C 

3.  000 

15.  5 

1,  510 

33. 05 

3301 

No.  3 

77 

C 

3. 000 

15.  5 

9  505 

35.  96 

1 139 

•    No  4 

78 

c 

3  000 

15  3 

7  37t 

34.  89 

No  5 

c 

V-/ 

3  000 

15  9 

1  OT^ 

37.  20 

1fi71 

■  J-O  1  ± 

No,  6  

80 

r 

3.  000 

15  4 

31. 42 

.  .-V  LO 

No.  7 

81 

OX 

r 

3  000 

15.  5 

'23  97o 

42.  28 

Sands  of  drainage  ex- 

■nAvinif  nt 

82 

B 

2.60 

16.7 

1,  450 

31. 11 

.2881 

Sands  of  percolation 

well : 

Second  foot  

83 

B 

2.81 

17.2 

11,  995 

38.57 

.067  J  5 

Third  foot  

84 

A 

2.65 

17.  I 

9,  325 

39.38 

. 07579 

Fourth  foot  

85 

B 

2.56 

17.2 

1,  575 

39.  45 

.  1872 

Fifth  foot  

86 

B 

2.  62 

17.2 

2,  000 

37.94 

.  1746 

Sixth  foot  

87 

B 

2.57 

17.2 

2, 135 

38. 15 

.  1673 

Seventh  foot  

88 

B 

2.  65 

17.2 

4,  475 

35.  32 

.  1312 
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Table  shoiving  eijective  (liametcrs  of  sands  and  soils  with  observed  pore  space  and  rate  of 

air  moxiemeni — Continued. 


Material  u.simI. 

Nxim- 
V)er  of 
in- 
pie. 

Aa- 
pira- 

tOl' 

tube. 

Pressure 
of  water. 

Sands    of  percolation 

\vell — Continued. 

Cm. 

Eighth  foot  

89 

A 

2.60 

Ninth  l"o<»t  

90 

B 

2.62 

Tenth  foot  

91 

A 

2.64 

Eleventli  foot  

92 

A 

2.  66 

Twelfth  foot  

93 

A 

3.03 

Thirteenth  foot  

94 

B 

3.04 

Un sorted  soils : 

Pine  barrens,  Min- 

ong,  Wisconsin — 

Surface  foot  

95 

3 

2.  945 

Second  foot  

96 

3 

2.  93 

Third  foot 

97 

3 

2.91 

Sandy  soil : 

Minong,  Wisconsin — 

Surface  

98 

3 

3.  24 

^  145 

Stevens  Point,  Wis- 

consin— 

Surface  

100 

3 

3.  275 

101 

Q 

O 

045 

Tomahawk,  Wiscon- 

sin— 

Surface  

102 

3 

3.21 

103 

3  03 

Su])erior  Junction, 

Wisconsin — 

Surface  

104 

3 

3.  10 

6  to  12  inches. . . 

105 

3 

3.  12 

\  Pi  K'  O  O »»; ' »          \  \  1  V  f '  ^  1 1 1 

sin — 

First  loot 

106 

3 

3. 14 

Second  foot  .... 

107 

3 

3.  115 

Prairie  loain,  Oasis,  W  is- 

cousin  : 

Siirfacr  

108 

3 

3.  20 

Secf)iid  foot  

109 

o 

3.  225 

Chiyey  lo;iiii  : 

1  )riiiiinu)n(l,  Wis- 

consin— 

Surface  

110 

3 

3.  135 

12  to  24  inches. . 

111 

3 

3.  19 

I)ruce,  WlHcoiiHin  — 

Second  foot  

112 

3 

3. 125 

Tempera- 
ture. 


17.2 


16.6 
16.6 
17.2 
17.2 


Time  for 
flow  ot  5,000 
c.  c. 


Seconds. 
2,  575 
2,  965 
2,  025 
5,  940 
1 1,  925 
38,  610 


7,  530 
n,540 
4,310 


32,  680 


270,  900 
33,  030 


100, 100 
20,  630 


171,600 
105,  000 


217,  900 
100,  300 


Per  cent 
of  pore 
space. 


197,  400 
205, 200 


34.  57 
31.37 
38.08 
30. 25 

28.  76 

29.  32 


38.  57 
34.91 
36. 15 


34.  49 
29.  96 


32.  30 
32.  30 


34.57 
31.43 


36.  19 
29.  32 


40.  68 
32.  87 


164,800  i  38.83 
98,  460  !  34.64 


44.  87 
44.  15 


Approxi- 
mate crt'ect- 
ive  diam- 
eter. 


234.900  I  48.27 


Mm. 
1818 
1728 
2191 
1470 
1055 
0566 


1509 
1432 
2240 


02619 
0523 


03149 
09352 


04751 
1242 


03439 
03589 


02501 

(r)i97 

03035 
04777 


02206 
02197 

01804 
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Tahle  slwiving  effective  diameters  of  savds  and  soils  with  ohserred  pore  space  and  rate  of 

air  movement — Continued. 


Material  used. 


Loamy  clay,  St.  Croix 
County,  Wisconsin — 
Second  foot  


Heavy    clay,  Ashland, 
Wisconsin : 

Surface,  6  inches  . 

6  to  18  inches  

Whitney's  Maryland 
soils: 

471  early  truck  land. 

563  early  truck  land. 

141  average  wheat 
land  


Num- 
ber of 
sam- 
ple. 


As- 
pira- 
tor 
tube. 


1,045  average  wheat 
land  


173  finest  wheat  and 
grass  land  

934   finest  wheat 
and  grass  land. . . 

Sorted  soils : 

116  not  passing  60 
screen   

116    passing  60 
screen  


124  not  passing  100 
screen  


124  passing  100 
screen  


Angular  grains.  (Well 
drillings  from  well  of 
physical  laboratory) : 

Depth  120  to  122.5 
feet  


Depth  122.5  to  127.16 

feet  


Depth    127.16  to 
133.83  feet  


Depth  133.83 
140.83  feet--.. 


to 


Crushed  limestone 
washed  and  sorted : 

No.  20  screen  

No.  40  screen  

No.  60  screen  

No.  80  screen  

No.  100  screen  


113 

114 
115 

116 
117 

118 

119 

120 

121 

123 

124  i 

i 

125  I 

I 

126  I 


3 
3 

3 
3 

3 

3 

3 

3 

B 
B 
B 
B 


Pressure 
of  water. 


No.  100  screen  dup- 
licate   


Limestone  dust. 


127 
128 
129 
130 


131 
132 
133 
134 
135 

136 
137 


B 

A 
B 
A 


B 
B 
B 
B 
B 

B 

B. 


Cm. 

3. 17 


3. 17 
3.24 

2.995 
3.035 

3.25 

3.  26 

3.22 

3.23 

2.475 
2.90 
2. 40 
2.  55 


Tempera 
ture. 


2.81 
2.81 
2.63 
2.  73 


2.21 
2.217 
2.342 
2. 435 
2.  325 

2.  35 
3.075 


^  C. 


19.2 
19.2 
19.0 
19.7 


17.3 
17.2 
17.2 
17.2 


Time  for 
flow  of  5,000 
c.  c. 


Per  cent 

of  pore  ^I'-it^f.ttect- 

space.  iverbam- 
^  eter. 


Seconds. 

348,  700 

466,  900 
808,  200 


23,  590 
41,  960 

€ 

1,  056,  000 
993,  300 
2, 112,  500 
1,477,  300 

525 
166,  300 
8,  925 
195,  000 


26,215 
13,  .^25 
8,  065 
2,  638 


1,825 
425 
690 
1, 125 
3,  050 

5,  745 
432,  000 


47. 10 


21m. 
.01810 


45.32  I  .01402 
44.15  i  .01111 


32.49 
34.45 

42.79 

48.00 

52.94 

45.  96 

37.46 
32.21 
38.  58 
32.  78 


33.80 
33.  99 
31.  22 


.  1119 
. 07555 

. 01011 

. 008612 

.  004950 

. 007657 

.5468 
. 02421 
.0848 
. 01809 


05612 
07817 
1214 


30.40  .2006 


37.  96 
42.03 

44.  55 

45.  87 

46.  65 

42. 16 
43.35 


.6319 
.3500 
.2426 
.1767 
.  1038 

. 09236 
. 008933 
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Table  showing  effective  diameters  of  sands  and  soils,  witJi  observed  })ore  space  and  rale  of 

air  movement — Continued. 


Material  used. 


Crnslied  and  sorted 
glass : 

No.  20  screen  

No.  40  screen  

No.  60  screen  

No.  80  screen  

No.  100  screen  

Crushed  friable  sand- 
stone, not  sorted  : 

D  u  n  n  V  il  1  e  sand- 
stone No.  2  

Madison  sandstone 
No.  1   

Madison  sandstone 
Nos.  4,  5,  6,  7  

Soils  of  percolation  ex- 
periment in  plant 
house : 

Surfacelayer  of  sand 

Section  I  

Section  II  

Section  III  

Section  IV  


It  will  be  seen  from  this  table  that  both  the  upper  and  lower  theo- 
retical limits  of  j)ore  space  for  the  ideal  soil  are  passed,  ]N^os.  49  and  50 
giving  a  pore  space  of  25.55  and  25.43  per  cent,  respectively,  while  ^^os. 
112,  119,  and  120  give  pore  spaces  of  48.27,  48,  and  52.94  x^er  cent,  tlie 
theoretical  limits  being  25.95  and  47.64  per  cent. 

It  appears  to  be  generally  true  that  the  well-rounded  grains  of  nearly 
uniform  diameter  tend  to  give  a  pore  space  which  lies  between  32  and 
40  jier  cent.  The  mean  theoretical  pore  si)ace  for  spherical  grains  of  a 
single  size  is  3G.795  per  cent,  and  this  is  very  close  to  the  mean  observed 
limit  for  the  more  simi)le  sands  of  rounded  grains.  For  simple  sands 
with  angular  grains  the  i)ore  space  is  much  larger  than  it  is  for  the 
rounded  sands  of  the  same  sizes  of  grains,  and  in  the  case  of  the 
crushed  glass,  whose  grains  are  more  angular  than  those  of  the  crushed 
limestone,  whi(!h  have  a  tendency  to  be  cuboidal  in  form,  the  pore  space 
is  the  largest  of  all. 


!  Nuni-l  As- 
ber  of  pira- 


aam- 
ple. 


138 
139 
140 
141 
142 


143 
144 
14.5 


146 
147 
148 
149 
150 


tor 
tube. 


B 
B 
B 
B 
B 


B 
B 
C 


A 
A 
B 
A 

A 


Cm. 

2.30 
2.  40 
2.  50 
2.  50 
2.  55 


2.96 
2.  71 
3.00 


2.  573 
3.00 
2.  965 
2.99 
2.  765 


1.3.0 
16.7 
16.0 


16.7 
16.5 
16.6 
16.0 
16.7 


Seconds. 

215 
810 
1,005 
1,  880 
5, 160 


42,  855 
13,  355 
21.  820 


1,  065 
71,  100 
46, 575 
47,  055 
30,  890 


Percent  ^^^^T'". 

of  pore  mate  ettect- 

^nife  iveiiiam- 
^P'*""^-  eter. 


41.04 
43.91 
45.  55 

45.  67 

46.  22 


37.  60 
33. 43 

34.34 


35.  83 
33.65 
33.  76 
33.  88 
34.37 


Mm. 

5030 
2257 
1875 
1369 
08034 


.  03635 
.  08188 
.  08237 


. 28448 
.  03380 
. 04144 
. 04084 
.  052(51 
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Comparison  of  pore  space  in  different  materials. — In  fig.  39  the  pore 
space  of  several  kinds  of  grains  has  been  plotted  in  curves,  which 
bring  before  the  mind  these  relations  more  clearly  than  a  mere  state- 
ment is  able  to  do.  Eeferring  to  the  figure,  it  will  be  seen,  when  the 
whole  range  of  sizes  of  soil  and  sand  grains  is  taken  into  considera- 
tion, that  the  full  theoretical  range  of  the  ideal  soil  is  only  a  little 
overstepped  at  both  the  upper  and  lower  limits  by  actual  soils  and 


50 

PER  CENT. —  —  —  

40 

'  < 

30 

\  ^ 

20 

PER  CENT:  ^  — ■  

Fig.  39. — Curves  showing  the  variations  in  the  percentage  of  pore  space  in  various  samples  of  sands, 

soils,  and  crushed  rocks. 


sands,  with  their  mixtures.  It  will  be  observed,  in  the  second  place, 
that  the  fine-grained  elements  of  all  sorts  tend  to  give  a  larger  pore 
space  than  results  from  the  massing  together  of  those  having  larger 
diameters,  the  finest  of  the  clay  soils  exceeding  the  ui)per  theoretical 
limit  by  several  per  cent. 

The  simple  sands  with  well-rounded  grains  lie  close  to  the  mean 
value  when  they  have  a  diameter  of  about  0.15  mm.j  but  when  finer 
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than  this  the  pore  space  curv  e  rises  above  the  meau  line,  and  when  the 
diameters  are  larger  it  falls  below,  as  the  curve  marked  ''simple  sands" 
shows. 

The  two  curves  of  pore  space  which  reach  the  lowest  limits  in  the 
figure  show  what  results  are  secured  when  two  sands  having  rounded 
grains  but  quite  dissimilar  diameters  are  mixed  in  various  proportions. 
The  upper  of  these  two  curves  has  resulted  from  mixing  sand  ^o.  35 
with  Xo.  7.  Beginning  with  the  curve  on  the  left  with  100  per  cent  of 
the  sand  whose  grains  have  diameters  of  0.1521  mm.,  and  mixing  with 
this  a  sand  whose  grains  have  a  diameter  of  0.0112  mm.  by  increments 
of  5  per  cent  until  on  the  right  there  is  the  simi)le  sand  of  the  coarsest 
texture,  it  will  be  seen  that  the  smallest  pore  space  is  attained  when 
the  two  sands  are  mixed  in  nearly  equal  proportions  by  weight. 

The  curve  which  has  given  the  smallest  pore  space  is  also  obtained 
by  mixing  two  sorted  sands,  ^os.  1  and  27,  but  the  Xo.  27  had  mixed 
with  it  all  of  the  grains  which  would  pass  a  screen  of  100  mesh  con- 
tained in  the  original  mixed  sand  from  which  it  was  derived,  while  the 
No.  35  sand  used  with  the  l^o.  7  for  the  other  curve  was  secured  by 
resitting  a  sand  from  a  No.  80  screen  and  which  therefore  did  not 
contain  any  of  the  very  fine  sand  grains  that  were  mixed  with  the 
other  No.  100  sand.  On  this  account  there  were  many  very  fine  grains 
in  this  grade  which  could  sift  into  the  pores  of  the  coarser  sand  and  thus 
more  neai  ly  occupy  the  entire  space. 

The  curve  showing  the  pore  si)ace  of  the  natural  soils  begins  very 
high  with  the  heavy  clays,  but  falls  as  the  coarser  textured  varieties  are 
reached,  until  in  the  case  of  the  coarse,  sandy  soils  a  pore  space  consider- 
ably below  the  mean  is  reached.  It  should  be  noted  that  the  pore  space 
reaches  a  minimum  and  then  begins  to  increase  again  as  the  soils 
become  coarser,  just  as  occurred  in  the  mixed  grades  made  by  using 
different  j)roportions  of  a  coarse  and  fine  sand. 

Both  the  crushed  glass  and  the  crushed  limestone  have  very  high 
pore  spaces  and  suggest  that  the  large  pore  space  of  the  clay  soils  may 
be  due  in  part  to  a  greater  angularity  of  their  particles,  which  inter- 
feres with  close  i)acking.  It  is  not  at  all  clear,  however,  from  the  curves 
plotted,  that  even  the  rounded  sand  grains  might  not  develop  so  large 
a  i)ore  space  as  the  clays  show  if  the  diameters  of  these  sands  were 
only  reduced  until  they  became  as  small  as  those  of  the  fine  clay  soil 
are.  The  change  in  the  diameter  of  the  soil  grains  between  the  two 
ends  of  the  soil  curve  is  about  as  18  to  I,  while  between  the  two  ends  of 
the  simple  sand  curve  it  is  5  to  1;  but  in  the  soil  curve  the  pore  space 
increases  15  per  cent,  while  in  the  sand  curve  the  increase  is  3.94  per 
cent,  giving  the  i)roportion 

5:18::3.04:.f, 

whence  ./•=14.18,  which  is  lunirly  large  enough  to  account  for  the 
excess  of  pore  space  in  the  tine  clay  soil  over  that  in  the  sands. 
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This  is  an  important  point  to  have  established,  because  if  the  diifer- 
ence  in  pore  space,  which  increases  in  an  inverse  ratio  to  the  diameter, 
is  not  due  to  increase  of  angularity  in  the  grains,  there  will  be  stronger 
grounds  for  the  belief  that  the  same  laws  of  flow  may  hold  through  a 
wider  range  of  soil  diameters  than  could  be  expected  if  an  increasing 
angularity  of  the  grain  occurred  with  decrease  of  diameter.  The  rela- 
tion just  pointed  out,  however,  should  not  be  given  much  weight  unless 
other  evidence  can  be  found  to  confirm  it. 

DETERMINATION  OF    THE    DIAMETER    OF    SOIL  AND  SAND 

GRAINS. 

One  of  the  most  evident  facts  brought  out  in  the  table  of  pore  spaces 
which  has  been  presented  is  that  the  time  which  was  required  for 
5,000  c.  c.  of  air  to  pass  through  a  given  sample  holds  no  very  apparent 
relation  to  the  pore  space  which  was  found,  except,  indeed,  that  gen- 
erally the  larger  the  per  cent  of  i^ore  space  the  slower  the  air  was  in 
passing  through. 

If  we  take,  for  example,  the  case  on  the  soil  curve  in  fig.  39,  which 
falls  nearly  upon  the  line  of  mean  theoretical  pore  space,  and  compare 
the  time  which  was  required  for  5,000  c.  c.  of  air  to  pass  through  the 
aspirator  column  when  filled  with  this  soil  with  the  time  required  for 
the  same  amount  of  air  under  like  conditions  to  pass  through  the  sam- 
ple on  the  simple  sand  curve  and  the  one  on  the  mixed  sand  curve, 
which  has  very  nearly  the  same  pore  space,  it  will  be  found  that  the 
times  in  the  three  cases  stand  nearly  as  given  below: 

Time  required  for  fiow  of  5,000  cubic  centimeters  of  air  through  different  materials. 


Material.  ■ 

Seconds. 

Proportion. 

Mixed  soil  

170,  448 

151.2 

Nearly  simple  sand  

16,  747 

14.8 

Simple  sand  

1,  127 

1 

That  is  to  say,  while  the  aggregate  amount  of  pore  si)ace  in  each  of 
these  three  cases  through  which  water  or  air  may  travel  is  very  nearly 
the  same,  yet  the  time  required  for  the  same  amount  of  air  to  pass 
through  columns  of  soil  of  the  same  area  of  cross  section  and  the  same 
length,  under  the  same  pressure  and  temperature,  is  150  times  as  long 
in  one  case  and  15  times  as  long  in  the  other  as  was  required  by  the 
first.  '         .  ■ 

One  of  the  reasons  for  this  great  difference  in  time  of  flow  is  found 
in  the  fact  that,  while  the  total  area  of  cross  section  through  which  the 
flow  may  take  place  is  very  nearly  the  same  in  the  three  cases,  the 
number  of  tubes  through  which  the  air  must  move  is  very  different, 
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and  at  the  same  time  their  diameters  are  extremely  unlike  in  size,  the 
pores  being  very  many,  but  small,  wJiere  the  tlow  is  slow,  and  much 
fewer  and  relatively  larger  where  the  how  is  rapid.  PI.  IX  shows  at  a 
glance  how  the  size  of  the  soil  grains  affects  the  character  of  the  i:>ore 
space  where  the  grains  are  arranged  in  the  manner  which  gives  it  the 
maximum  value  of  47.04  per  cent  and  also  the  minimum  value  of  25.95 
per  cent. 

It  will  be  seen  that  at  the  left,  where  the  unit  cross  section  is  filled 
by  11)  of  the  larger  spheres,  there  remain  10  large  pores  between  them, 
through  which  the  water  may  tlow;  in  the  center,  Avhere  the  spheres 
have  just  one-half  the  diameter,  it  requires  the  equivalent  of  64  spheres 
to  fill  the  same  cross  section,  thus  forming  four  times  as  many  pores 
through  which  the  water  may  fiow,  but  leaving  each  pore  with  only  one- 
fourth  the  area  of  cross  section.  Then,  again,  on  the  right,  where  the 
si)hei  es  or  grains  have  a  diameter  only  one-fourth  that  of  the  largest 
spheres,  it  requires  256  grains  to  fill  the  sections  which  form  the  same 
number  of  smaller  pores,  but  each  one  has  only  one-sixteenth  the  area 
of  cross  section  i^ossessed  by  the  largest  pore.  In  such  cases  as  these, 
with  the  aspirator  filled  with  grains  first  of  one  and  then  of  another 
size,  the  air  would  be  forced  to  travel  in  one  case  in  16  streams,  in 
another  in  64  streams,  while  with  grains  of  a  third  size  there  would  be 
256  streams  moving  along  the  same  unit  area  of  cross  section.  If,  then, 
there  is  the  same  absolute  amount  of  friction  per  each  equal  unit  area 
of  sliding  surface,  it  is  evident  that  where  the  pore  space  has  been 
most  divided  there  must  be  the  largest  loss  of  energy  per  unit  of  time, 
and  hence  the  smallest  fiow,  just  as  has  been  observed. 

Since  the  extent  to  which  the  pore  space  of  a  soil,  sand,  or  rock  is 
divided  is  one  of  the  most  important  characteristics  Avhich  determine 
the  fiow  of  fiuids  through  it,  and  since  this  subdivision  is  determined 
chiefly  by  the  diameter  of  the  grain,  it  follows  that  a  quantitative  study 
of  the  flow  of  ground  water  stands  in  need  of  most  exact  knowledge  of 
the  diameters  of  the  pores  through  which  the  fiow  must  take  jdace  and 
of  the  grains  themselves. 

Methods  of  determination  in  co^nmon  use. — There  have  been  two  meth- 
ods in  common  use  for  determining  the  diameters  of  soil  grains — first, 
that  of  direct  measurement  with  micrometer  and  microscope  or  other 
means,  and,  second,  that  of  counting  and  weighing  a  known  number  of 
grains  and  then  comi)uting  the  diameter  of  the  mean  grain  from  the 
number,  weight,  and  specific  gravity. 

During  this  investigation  it  has  been  found  that  even  with  a  screened 
and  sorted  sand  it  was  necessary  to  include  in  the  count  more  than 
1,(KK)  grains  in  order  to  secure  results  which  agreed  by  weight  to  the 
third  decimal  i)lace:  in  illustration  of  observed  variations  a  single 
instance  may  be  cited. 
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Table  showing  the  computed  mean  diameter  of  the  sand  grains  used  in  the  experiments 

described  on  pp.  162-166. 


Number  of 
grains. 

Net  weight. 

Weight  per 
1,000. 

Computed 
diameter. 

Grams. 

Grams. 

Millimeters. 

1,600 

0. 39445 

0.  24653 

0.  5622 

Second  count  

1,  507 

. 35155 

. 23361 

.5519 

Third  count  

1,  217 

.  28805 

. 23669 

.5546 

Fourth  count  

1,  033 

. 25045 

. 24245 

.5591 

The  largest  percentage  departure  iu  this  case  is  1.8. 

Closeness  of  results  obtained  by  counting  and  by  tceighing. — But  no 
matter  how  close  duplicates  may  be  secured  by  this  metliod,  the 
results  can  give  accurate  values  only  when  the  diameters  of  all  the 
grains  are  practically  equal,  because  the  weights  of  grains  vary  with 
the  cubes  of  their  diameters.  To  divide  the  weight  of  3,000  grains 
whose  diameters  are  0.1,  0.2,  and  0.3  mm.  by  1,000  gives  the  mean 
weight  of  one  grain,  but  it  does  not  give  the  weight  of  the  mean  grain 
whose  diameter  is  sought  in  investigating  the  tiow  of  fluids  through  a 
soil  or  sand.  It  is  evident  that  the  weights  of  such  grains  as  those 
considered  would  stand  to  one  another  as  1  to  8  to  27,  showing  that  27 
small  grains  are  required  to  equal  the  weight  of  a  single  large  grain, 
and  any  system  of  counting  and  weighing  which  does  not  take  account 
of  the  number  of  grains  of  each  dimension  can  not  give  a  safe  value  for 
the  purposes  under  consideration.  But  even  when  the  numbers  and 
dimensions  of  each  size  of  grain  in  a  gram  of  the  sample  are  known  the 
two  methods  of  computing  the  mean  diameter  from  weight  and  from 
measurement  do  not  give  the  same  result,  as  the  following  definite  case 
will  show. 

Let  a  sand  be  considered  whose  grains  have  the  specific  gravity  2.65, 
and  whose  diameters  are:  {a)  =  0.1657  mm.  and  (/>)  =  0.00085  mm.  Let 
these  be  mixed  in  the  following  proportions : 

A.  90  per  cent  of  a  by  weight  with  10  per  cent  of  b  by  weight. 

B.  10  per  cent  of  a  by  weight  with  90  per  cent  of  b  by  weight. 

C.  50  per  cent  of  a  by  weight  with  50  per  cent  of  b  by  weight. 

The  aggregate  surface  presented  by  1  gram  of  this  mixture  would 
be — 

A. 


Sq.cm. 

90  per  cent  of  a   123 

10  per  cent  of  b   2,  664 

Aggregate  surface   2,  787 

B. 

10  per  cent  of  a   13.  66 

90  per  cent  of  b   23,  973.  37 

Aggregate  surface   23,  987. 03 
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c. 

Sq.  cm. 

50  per  cent  of  «   68.  32 

50  per  cent  of  h   13,  318.  50 

Aggregate  surface   13,  386.  82 

If,  now,  we  compute  the  number  of  grains  of  each  kind  in  1  gram  of 
the  mixture  we  get  the  following: 

A. 

•  Grains. 

90  per  cent  of   142,  570 

10  per  cent  of  />   117,  354,  324,  324 

Total  number   117,  354,  466,  894 

B. 

10  per  cent  of  a   15,  841 

90  per  cent  of  1)   1,  056, 189,  320,  388 

Total  number   1,  056,  189,  336,  229 

C. 

50  per  cent  of  a   79,  206 

50  per  cent  of  h   586,  771,  62l,  622 

Total  number   586,  771,  700,  828 

We  may  now  compute  the  diameter  of  the  mean  grain  by  dividing  the 

total  surface  of  all  grains  by  the  number  of  grains,  and  from  D  =  y  ^ 
find  the  value  of  the  diameters  to  be — 

Millimeter.s. 

For  A   0.0008694 

For  B  0008502 

For  C  0008522 

But  if  the  sum  of  the  diameters  of  all  grains  is  divided  by  the 
number  of  grains  the  following  diameters  are  fouud: 

Millimeters. 

A     0.0008502 

B  00085000196 

C  00085002157 

Again,  if  the  total  weight  of  all  grains  is  divided  by  the  number  of 
grains  we  get  the  following: 

^Milliinclcra. 

A   0.001831 

B  000S804 

C  001071 

We  have  here  three  different  mean  diameters: 

1.  (Joinputed  from  the  surface  of  the  mean  grain. 

2.  Computed  from  tlie  sum  of  all  diameters. 

3.  Computed  from  the  weight  of  the  mean  grain. 

No  two  of  them  agree,  and  yet  each  is  right  Judged  from  its  own 
standpoint,  bnt  substituted  in  tlic^  formula  for  comi)nting  the  flow  of 
water  each  would  givii  a  different  valine,  and  yet  but  one  value  should 
be  I'ound. 
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To  test  liow  far  these  mean  values  fail  iu  g-iving'  a  real  value,  each 
may  be  used  to  coaipute  the  total  surface  in  one  gram  of  the  soil  from 
which  the  mean  diameters  were  computed. 


A 

B 

C 

Sq.  cm. 

Sq.  cm. 

Sq.  cm. 

Actual  surface  per  gram  

2,  787 

23,  987.  03 

13,  386.  82 

Computed  from  grain  of  mean  surface. 

26,  041.2 

26,  568. 17 

26,  568.  78 

Comi^uted  from  graiu  of  mean  diameter 

26,  630.  8 

26,  637 

26,  636.  4 

Computed  from  grain  of  mean  weight.. 

12,  363.  8 

25,  717.  8 

21, 141.8 

It  is  to  be  observed  regarding  these  results  that  in  every  case  the  com- 
puted surfaces  are  too  large,  but  not  by  equal  amounts.  The  grain  of 
mean  surface  gives  nearly  the  same  values  for  the  three  mixtures, 
whereas  they  are  related  to  one  another  as  1  to  8.608  to  4.804.  The 
same  relations  are  also  found  when  the  surfaces  are  comjjuted  from  the 
grain  of  mean  diameter,  and  the  two  sets  of  results  are  very  nearly  alike, 
so  that  it  may  be  said  that  each  of  these  methods  is  equally  far  from  the 
truth. 

When  the  grain  of  mean  weight  is  used  for  computing  the  total 
surface  in  each  case  the  relations  stand : 


A         B  C 

Actual   1  to  8.  608  to  4.  804 

Computed   1  to  2.  081  to  1.  71 


It  is  evident  from  these  considerations  that  great  difficulties  stand 
in  the  way  of  the  investigator  who  attemx^ts  to  determine  experi- 
mentally the  influence  of  the  size  of  soil  grains  or  sand  grains  upon  the 
movement  of  fluids  through  them. 

NEW  METHOD  OF  DETERMINING  THE  DIAMETER  OF  SAND  AND  SOIL 

GRAINS. 

After  these  difficulties  were  encountered  along  the  lines  of  mechan- 
ical analysis  of  soils  it  occurred  to  the  writer  in  1894  that  it  might  be 
possible  to  take  advantage  of  the  known  laws  of  flow  of  air  through 
capillary  tubes  to  determine  the  character  of  soil  grains  by  aspirating 
air  through  a  known  volume  of  the  soil  under  known  conditions  of 
pressure  and  temperature.  When  it  had  been  learned  that  fairly 
uniform  results  could  be  secured  exi3erimen tally  the  assistance  of  Pro- 
fessor Slichter  was  sought  and  he  kindly  consented  to  undertake  a 
mathematical  investigation  of  the  problems  involved,  and  this  led  to 
the  formula  which  he  has  presented  in  another  paper  in  this  volume  and 
which  is  also  given  on  a  preceding  page  of  this  paper. 
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Description  of  the  apparatus. — The  apparatus  which  has  beeu  devised 
to  use  with  this  method  is  represented  iu  fig.  40  and  consists  of  an 
aspirator  A,  whose  capacity  varies  with  the  coarseness  of  the  sample 
to  be  investigated ;  a  pressure  gage  B ;  a  meter  for  measuring  the  air 
C,  and  an  aspirator  tube  D,  in  which  the  sample  is  placed  whose 
character  is  to  be  investigated. 

The  aspirator  is  a  bell  1,  placed  m  a  water  receptacle  2,  under  which 
rises,  above  the  level  of  the  water,  the  air  tube  3,3,3,3,  connecting  the 


Fig.  40. — Aspirator  for  determining  the  mean  effective  diameter  of  soil  gcrains.    A,  aspirator  Ijell; 
15,  pressure  gai^e;  C,  air  meter;  D,  aspirator  tube  for  sample. 


air  chamber  4,4,  above  the  aspirator  tube  D,  with  the  bell  A,  of  the 
aspirator. 

Tiie  pressure  gage  consists  of  a  bottle  ."),  partly  filled  with  water 
and  connected  with  tlie  air  chamber  4,  by  means  of  the  tube  0,  G.  The 
pressure  i.s  measured  in  a  bent  tube  7,  7,  placed  ujmn  a  scale  inclined 
so  as  to  rise  I  in  10,  thus  permitting  direct  eye  readings  of  changes  of 
pressure  to  less  than  0.1  mm.  of  water.  The  pressure  tube  has  a  diam- 
eter equal  to  one  thirty-fifth  of  that  of  tlie  water  rece])tacle  5,  and 
the  object  of  the  arrangement  is  to  avoid  the  necessity  of  taking  two 
readings  of  tiie  gage  for  the  pressure. 

The  air  meter  is  a  clock  gear,  with  dial  and  liands  attached,  wliich 
are  driven  ])y  tlie  gear  wheel  S,  as  the  bell  of  the  aspiiator  rises  under 
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the  tension  of  the  cord  operated  by  the  weight  9.  or  by  means  of  a 
crank,  as  already  described,  wlien  a  constant  pressure  is  desired.  The 
fact  that  the  bell  rising  out  of  the  water  becomes  heavier  as  it  rises 
makes  the  jiressure  one  which  is  constantly  decreasing  by  a  small 
amount. 

The  aspirator  tube  is  provided  with  two  caps  10  and  11,  which  screw 
to  place  with  an  accurately  cut  fine  thread.  These  joints  are  made 
perfectly  air-tight  by  the  use  of  a  little  thick  vaseline  on  the  threads. 
The  upper  cap  11,  screws  down  so  as  to  press  hard  upon  the  edge  of 
the  soil  tube,  and  tlie  lower  cap  10,  is  simply  a  ring  covered  with  fine 
wire  netting,  which  holds  the  soil  in  place  while  it  permits  the  air  to 
enter  the  aspirator  through  the  contained  samples. 

To  fill  the  aspirator  tube  the  lower  cap,  10,  is  removed  and  the  upper 
one,  11,  screwed  down  to  place,  which  now  serves  as  a  bottom  until  the 
tube  is  full  and  the  screen  cap  put  in  place.  When  the  aspirator  tube 
has  been  filled  and  is  to  be  attached  to  the  aspirator  the  tube  is 
reversed,  the  cap  removed,  and  then  screwed  to  place  on  the  air 
chamber.    The  method  of  filling  the  tube  has  already  been  described. 

Results  of  the  aspiration  metliod. — The  results  which  have  been 
secured  with  this  method  have  been  given  in  the  tables  on  pages  209 
to  215,  but  in  order  to  show  how  results  obtained  with  it  compare  with 
those  obtained  by  counting  and  weighing  we  have  selected  from  the 
foregoing  tables  four  sets  of  samples  in  which  the  diameters  of  the  same 
grains  have  been  determined  by  the  method  of  counting  and  weighing 
a  large  number  of  grains,  usually  in  duplicate  lots,  as  already  cited. 

Table  giving  the  sizes  of  soil  grains. 


Nuinber. 


Series  I,  water- worn  sand : 

20  

40  

60  

80  

100  

Series  II,  crushed  glass,  by  J.  A.  JefFery  : 

20  

40  

60  

80  

100  

Series  III,  rounded  sand,  by  J.  A.  Jeffery : 

20  -  

40  


Methods  of  determination. 


By  aspirator. 

By  count  and 
weight. 

Mm. 

Mm. 

0.  4745 

0.  4690 

.1848 

.  1745 

.  1551 

.  1472 

.1143 

.  1075 

.0826 

.0759 

.5028 

.  5365 

.  2845 

.3577 

.1868 

.2329 

.  1380 

.1688 

.0797 

.1050 

.5180 

.4658 

.3329 

.  2999 
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Xnmber. 


Series  III,  rounded  saud,  by  J.  A.  Jeffery — 
Continued. 

60  

80  

100  

Series  IV,  rounded  sand  : 

8  


6. 
5i 
5. 
4. 
3. 


1 
0 


In  this  table  it  will  be  seen  that  while  there  is  a  general  agreement 
between  the  two  methods,  yet  there  are  disagreements  which,  consid- 
ered in  percentages,  are  quite  large.  It  must  be  borne  in  mind,  how- 
ever, as  has  been  already  pointed  out,  that  we  have  in  reality  no 
standard  for  comparing  the  method,  for  we  know  that  the  values 
obtained  by  counting  and  weighing  can  not  be  exact.  Search  has  been 
made  thus  far  in  vain  for  some  medium  consisting  of  spherical  grains 
of  perfectly  uniform  diameter  with  which  to  secure  a  rigid  test  of  the 
method,  but  as  yet  none  has  been  found.  It  was  hoped  that  a  suitable 
medium  would  be  found  in  double-hne  dust  shot,  but  the  specific  gravity 
of  this  is  so  high  tliat  small  variations  iu  diameter  make  large  differ- 
ences in  results  even  by  the  method  of  counting  and  weighing. 

The  most  rigid  test  yet  found  for  the  method  is  that  furnished  by 
comparing  tlie  observed  ilows  of  water  througli  a  series  of  sands  with 
those  which  would  be  computed  on  theoretical  considerations  irom  tlie 
diameters  as  determined  by  the  aspirator.  To  make  such  a  test  as 
this,  and  in  order  also  to  test  the  general  accuracy  of  his  two  formulas, 
one  for  determining  tlie  diameter  of  soil  grains  by  means  of  the  aspi- 
rator and  tlie  other  for  computing  the  flow  of  water  through  sands. 
Professor  Sh(;ht('r  lias,  upon  recpiest,  computed  the  effective  sizes  and 
flows  of  10  samples  of  sand  tlirough  which  the  tlow  of  water  and  air 
were  carefully  measured  under  low  pressures  and  uniform  conditions 

19  GEOL,  I'T   15 


Methods  of  determination. 


By  aspirator. 

weight. 

Mm. 

Jfm. 

9995 

'>noo 

.  it).)o 

.  ID/U 

1 1 1 

1  01  A 

2. 540 

2.755 

1.808 

1.  993 

1.451 

1.588 

1.217 

1.345 

1.  095 

1. 157 

.9149 

1.106 

.7988 

.8017 

.7146 

.6653 

.6006 

.5824 

.  5169 

.4891 

226 


MOVEMENTS  OF  GROUND  WATER. 


of  temperature;  the  results  for  tlie  flow  appear  in  tlie  following 
table : 


Bate  of  jlow  of  air  and  of  water  through  soils  having  grains  of  different  size  under  a 

j^ressure  of  1  centimeter. 

[Time,  10  minutes.] 


Grade. 

Plow  of  -water. 

Flow  of  air. 

Computed. 

Observed. 

Computed. 

Observed. 

Tempera- 
ture. 

Flow. 

Tempera- 
ture. 

Flow. 

Tempera- 
ture. 

Flow. 

Tempera- 
ture. 

Flow. 

8 

7  

6 

5i...- 

5 

4 

3 

2 

1 

0 

17 
17 
17 
17 
17 
17 
17 
17 
17 
17 

C.c. 

2,  680 

1,  370 
909.1 
638.6 
499.6 
326.6 
194 
106.2 
75.7 
59.8 

°  C. 

15.2 

15.5 

15.3 

15.3 

17.6 

16.8 

16.3 

16.6 

16.5 

16.2 

C.c. 
2,  296 
1,080 

756 

542 

504.6 

329.2 

210 

138.6 
94.8 
72.3 

"  C. 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 

C.c. 
62,  700 
38,  320 
24,  040 
18,  900 
14,  430 
9,  296 
4,  937 
2,  953 
2,  295 
1,  597 

o  C. 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

C.c. 

60,  000 
33,  027 
22, 170 
15,  970 
12,  010 
8,475 
5,  307 
3,  606 
2,  539 
1,  879 

In  this  table  the  computed  flows  have  been  derived  from  the  diameter 
determined  by  weighing  and  counting.  It  will  be  noted  that  the 
observed  flows,  both  for  air  and  for  water,  are  slower  than  those  com- 
puted for  the  coarse-grained  soils  and  faster  for  the  finer  grained  soils. 

When  the  diameters  determined  by  the  aspirator  method  are  used  for 
computing  the  flow  of  water  through  the  same  soils  then  the  results 
stand  as  given  in  the  next  table : 


TaMe  showing  agreement  between  observed  and  computed  flows  of  water  through  sand. 


Grade. 

Time. 

Flow  com- 
puted from 
aspirator 
diameter. 

Observed 
flow. 

Flow  com- 
puted from 
count  and 

weight 
diameter. 

Minutes. 

Grams. 

Grams. 

Grams. 

8  

10 

2,  277 

2,  296 

2,  680 

7  

10 

1,132 

1,  080 

1,  372 

6  

10 

757 

756 

909.1 

5i  

10 

522 

542 

638.6 

5  

10 

453.2 

504.6 

499.6 

4  

10 

297.5 

329.2 

326.6 

3  

10 

193 

210 

194 

2  

'  10 

122 

138.6 

106.2 

1  

10 

80.6 

94.8 

75.7 

0  

10 

66.8 

72.3 

59.8 

KING.] 


DIAMETERS  OF  SAND  AND  SOIL  GRAINS. 


227 


It  will  be  seen  that  in  this  table,  while  the  agreement  is  closer  than 
in  the  preceding,  it  is  not  so  close  in  all  parts  as  coukl  be  wished,  nor 
even  so  close  as  should  be  expected  if  the  laws  of  capillary  flow  hold 
rigidly  for  water  through  soils  under  these  very  low  pressures. 

The  fact  that  the  departures  are  in  one  direction  for  sands  of  large 
grains  and  in  the  opposite  direction  for  those  which  are  smaller  appears 
to  indicate  either  that  the  formulas  do  not  quite  meet  the  demands 
which  should  reasonably  be  expected  of  them,  or  else  thai  there  is  some 
systematic  error  in  the  observations  or  the  apparatus. 

This  method  of  determining  the  effective  size  of  sand  and  soil  grains 
is  very  easy  and  expeditious,  and  since  it  takes  into  account  both  the 
.absolute  amount  of  pore  space  by  directly  determining  it  and  also  the 
extent  to  which  it  is  subdivided  by  measuring  the  time  required  for  a 
given  volume  of  air  to  pass  through  a  section  of  determined  dimensions, 
the  method  would  api^ear  theoretically  to  be  much  more  satisfactory 
than  those  which  have  heretofore  been  in  general  use,  and  since  the 
computed  flows  from  the  aspirator  diameters  are,  on  the  average,  closer 
to  the  observed  flows  than  are  those  derived  from  the  count  and  weight 
diameters,  it  would  appear  that  more  confidence  may  be  placed  in  the 
results  obtained  in  this  way.  In  the  table  below  are  given  the  per- 
centage departures  of  the  computed  flows  by  the  two  methods  from 
the  observed  flows. 

Table  showing  the  departures  of  computed  flows  from  the  observed  flows  of  water  through 

sands  Nos.  36-45. 


Grade, 

By  aspirator. 

By  count  antl  weight. 

8 
7 

Too  small  . . . 
Too  large  . . . 
 do  

Per  cent. 
0.  8275 
4.815 

.  1323 
3.  690 

10. 19 
9.  629 
8.095 

11.98 

14.  98 
7.  607 

Too  large  . . . 
 do  

Per  cent. 

16.72 

26.  85 

20.  25 

17.  82 
.9247 
.  7898 
7.  619 

23.  38 

20. 15 

17.  29 

6 

 do  

5i.... 

5 

Too  small  . .. 
 do  

 do  

Too  small . . . 
 do  

4 

 do  

3 

 do  

 do  

2 

 do  

 do  

1 

 do  

 do  

0 

 do  

 do  

It  will  be  seen  that  when  the  flow  is  com]mted  by  either  method 
results  wlii(!h  are  too  small  are  obtained  for  the  smallest  sizes  of  grains 
when  Judged  by  the  observed  tlows,  but  for  the  larger  sizes  the 
aspirator  gives  values  which  are  about  right,  while  the  weight  and 
count  nu^thod  gives  values  which  are  as  much  too  large  as  they  were 
too  small  for  the  smaller  sizes. 
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INFLUENCE  OF  DIAMETER  OF  GRAIN  ON  THE  RATE  OF  FLOW. 


Method  and  apparatus  used. — In  order  to  study  tbe  influence  of  the 
diameter  of  soil  grains  upon  the  rate  at  which  water  will  move  through 
them  under  different  pressures  a  series  of  10  grades  of  quartz  sand 

was  procured  by  screening 
them  through  screens  hav- 
ing circular  openings,  and 
then  washing  each  grade 
upon  its  screen  by  allow- 
ing a  strong  stream  of 
water  to  play  upon  the 
sample  for  some  time,  in 
order  not  only  to  free  the 
sample  from  silt  and  dust, 
but  also  to  wash  through 
the  screen  any  grains  which 
were  small  enough  to  pass 
the  openings,  if  only  they 
could  be  presented  to  the 
opening  in  the  right  way. 

After  they  had  been 
washed  with  clean  well 
water  the  samples  were 
dried  and  introduced  into 
the  percolator  in  this  con- 
dition, a  small  quantity  at  a 
time,  and  gently  but  thor- 
ev.^hiy  tamped  with  a 
broad,  flat-faced  pestle  as 
the  filling  progressed. 

The  object  of  introduc- 
ing the  sand  into  the  per- 
colator dry  was  to  avoid  as 
far  as  possible  any  stratifi- 
cation of  the  materials, 
which  greatly  modifies  the 
rate  of  flow,  and  also  to  secure  an  accurate  measure  of  the  i^ore  space, 
and  at  the  same  time  to  have  this  pore  sjDace  as  small  as  it  was  practi- 
cable to  make  it. 

The  apparatus  used  for  this  work  is  represented  in  fig.  41,  and  con- 
sists of  an  inner  heavy  brass  tube,  nickel  plated,  to  lessen  the  liability 
of  clogging  the  sand  by  chemical  action,  having  a  length  a  little 
greater  than  12  inches,  so  that  the  flow  could  be  measured  through  a 
column  of  sand  30.4816  cm.  long  and  7.242  cm.  in  diameter,  and  this 
length  of  column  was  used  in  every  experiment  in  this  series. 
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B 

Tig.  41. — Percolator  for  measuring  flow  of  water  through 
sand.  A,  B,  flanged,  cups ;  C,  water  jacket ;  D,  supply'  tube ; 
E,  pressure  gage ;  F,  air  vent ;  G,  discharge  pipe ;  H,  sand. 
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SuiToimdiiig  the  percolator  tube  is  a  water  jacket,  into  which  the 
water  flows  through  a  tube  at  the  upi^er  end,  and  thence  by  two 
ports  into  a  water  chamber  below,  which  is  cut  off  from  the  percolator 
tube  by  a  nickel-i)lated  fine  brass  screen,  through  which  the  water 
])asses  to  the  sand  above.  In  order  to  avoid  any  sagging  of  the  screen 
it  was  supported  by  parallel  round  brass  wires,  also  nickel  plated. 
After  passing  through  the  sand  in  an  upward  course  the  water  over- 
flows the  rim  of  the  tube  into  a  water  chamber  similar  to  the  one  below, 
and  from  this  the  water  was  discharged  through  a  tube  of  one-half 
inch  inside  diameter,  provided  with  an  opening  in  its  ui)per  side  to 
admit  air  and  prevent  any  siphoning  action  from  taking  place  to  dis- 
turb the  pressure  which  it  was  desired  to  maintain. 

The  object  of  the  water  jacket  was  to  control  better  the  temperature 
of  the  walls  of  the  percolation  tube  and  to  lessen  the  liability  of  changes 
in  its  volume  by  changes  in  temperature.  The  water  chambers  them- 
selves consisted  of  two  flanged  covers,  which  were  held  in  place  by 
flange  bolts  and  made  water-tight  by  means  of  rubber  gaskets. 

The  pressure  was  measured  by  means  of  a  water  manometer,  not 
shown  in  the  figure,  which  consisted  of  a  long  barometer  tube,  carried 
by  a  rigid  bed,  that  could  be  raised  or  lowered  from  an  incline,  rising  1 
in  10  to  two  or  three  times  this  amount  if  desired.  The  rigid  bed  car- 
ried a  scale  graduated  in  centimeters  and  millimeters,  so  that  when  the 
rise  of  the  bed  was  1  in  10,  as  was  generally  the  case,  the  pressures 
could  be  read  to  one  tenth  of  a  millimeter.  The  zero  of  the  apparatus 
was  secured  by  allowing  water  to  fill  the  apparatus  and  overflow  until 
no  more  would  be  discharged,  and  then  by  means  of  a  set  of  leveling 
screws  the  percolator  was  lowered  or  raised  until  the  water  in  the  pres- 
sure gage  stood  at  the  zero  of  the  scale. 

To  maintain  any  constant  desired  head  the  water  came  from  a  reser- 
voir to  an  adjustable  overflow  receptacle  Avhich  could  be  raised  or  low- 
ered as  desired  ui)on  a  sliding  bar  and  fixed  by  means  of  a  set  screw. 
To  make  line  adjustments  of  head  this  bar  was  provided  with  a  friction 
kneejoint,  which  permitted  slight  flexing  one  way  or  the  other  until  the 
desired  level  was  secured. 

Filtered  distilled  water  was  always  used  in  this  work,  and  the  water 
l)assed  through  a  sand  filter  placed  between  the  overflow  and  the  suj)- 
ply  reservoir  after  the  first  series  of  experiments  had  been  made,  to 
hold  back  dust  particles,  which  tended  to  gather  in  the  water  as  it  was 
used  over  and  over  in  the  work. 

The  measurements  of  flow  under  each  pressure  had  a  duration  of  ten 
minutes,  unless  the  rate  of  discharge  was  too  great  to  permit  the  water 
to  be  collected  and  weighed  on  the  Springer  torsion  balance  used. 

After  filling  the  i)ercolat()r  with  the  dry  sand  and  weighing,  in  order 
to  be  able  to  compute  the  exiKtt  ])ore  space  under  which  the  flow  was 
to  ])e  studied,  hot  water,  ke])t  boiling,  was  l  un  through  the  sami)le  from 
the  bottom  upward  during  about  thirty  minutes,  in  order  to  remove  all 


230  MOVEMENTS  OF  GROUND  WATER. 

air  from  between  the  sand  grains;  then  the  source  of  heat  was  removed 
from  the  water,  and  it  was  still  kept  running  through  until  the  temper- 
ature had  fallen  nearly  to  that  of  the  air  of  the  laboratory. 

All  measurements  of  flow  were  made  in  the  constant-temperature 
room,  and  the  apparatus,  after  filling,  was  allowed  to  stand  in  this  room 
not  less  than  twelve  hours  before  experiments  v»  ere  begun,  in  order  to 
insure  an  equilibrium  of  temperature  between  the  apparatus  and  the 
room. 

The  diameters  of  the  grains  of  the  ten  grades  of  sand  used  iu  this 
series  are  given  in  the  table  on  page  225,  as  they  were  determined  by 
counting  and  weighing,  and  also  by  the  aspirator  method.  They  are 
Series  lY  of  that  table.  The  grains  are  also  shown  in  natural  size  in 
Pis.  X-XIY. 

The  pore  spaces,  as  determined  from  the  weight  of  the  material  used 
and  the  specific  gravity  of  the  grains,  are  given  in  the  table  below,  and  a 
comparison  made  between  these  values  and  those  found  when  the  same 
sands  were  used  in  the  aspirator  to  determine  the  diameter  of  the  grains 
will  show  why  the  observed  and  computed  flows  do  not  and  can  not 
exactly  agree. 


Table  showing  pore  space  of  sands  36  to  45  used  in  flow  of  water. 


Grade  of  sand. 

Specific 
gravity  of 
sand. 

Pore  vSpac( 
used  \ 

Air. 

)  of  sands 
vith— 

Water. 

8 

2.  725 

37.60 

39.71 

7  . . 

2.  758 

38. 44 

39.46 

6 

2.755 

38.  85 

39.  97 

5^ 

2.773 

39.26 

39.71 

5 

2.  744 

39.88 

40. 12 

4 

2.  726 

38.53 

39.  40 

3 

2.  700 

36.  26 

37.  77 

2 

2.  668 

34.  66 

35.21 

1 

2.669 

34.  43 

34.  33 

0 

2. 661 

34.  42 

35.54 

The  larger  pore  space  which  usually  occurs  in  the  percolator  is  due 
chiefly  to  the  fact  that  with  this  apparatus  it  was  not  practicable  to 
jar  it  after  filling,  as  was  the  case  with  the  aspirator,  and  this  lack  of 
agreement  between  the  pore  spaces  must  tend  to  make  a  part  of  the 
discrepancy  which  has  been  shown  between  the  observed  and  the  com- 
puted flows. 

Results  obtained. — In  the  tables  which  follow  are  given  the  observed 
rates  of  flow  under  the  various  pressures  at  which  they  were  measured. 
There  are  also  added  three  other  columns.    The  first  shows  the  flow 
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divided  by  the  pressure,  which  indicates  in  how  far  the  flow  failed  to  be 
directly  proportional  to  the  pressure.  The  second  column  shows  what 
the  flow^  should  be,  computed  from  the  diameter  of  the  grains  as  deter- 
mined by  the  aspirator,  while  the  third  and  last  column  shows  what 
flow  would  be  computed  for  the  sample  from  the  observed  flow  which 
took  place  under  the  highest  j)ressure  in  each  case. 


Flow  of  ivater  through  sand  No.  36  (PI.  X,  A). 


Pressure 
of 
water. 

Tempera- 
ture. 

Time. 

Observed  flow. 

Flow  divided 
by  pressure. 

Flow  for  10  1 
puted 

Aspirator 
diameter. 

rninutes  com- 
from — 

Observed 
highest  pres- 
sure flow. 

Cm. 

0  C. 

Minutes. 

Grams. 

Grama. 

Grams. 

0.  o 

lo.  2 

1  A 

10 

1,  404.  o 

O  AOO 

2,  988.  b 

1,  152.  3 

^      AA  4 

1,  001.  4 

.  5 

15.  2o 

"1  A 

10 

1,  491.  b 

2,  983.  2 

1,  lo2.  3 

1,  001.  4 

1  A 
1.  (J 

1  A 
10 

2,  bbl.  0 

^,  bbl.  U 

o  OA  <  a 
A,  oU4.  b 

O    AA<^  O 

2y  002.  o 

1. 1 

10.  2 

1  A 
10 

a  6,  Obo.  b 

2,  OOO.  0 

2,  7bo.  5 

A     4  AO  O 

2,  403.  3 

1.  4 

lo.  2 

1  A 

10 

o,  400.  b 

2,  4b8.  o 

3,  22b.  4 

O    OAO  A 

2,  803.  9 

1.  b 

15.  2 

1  A 

10 

o  OCA  a 
6,  ooi).  b 

.i,  4J8.  8 

O    POT  < 

3,  b87.  4 

O    AA  4  4 

3,  204.  4 

1.  O 

15. 1 

"1  A 
10 

4,  ob4.  4 

^,  4J4.  7 

A    CiAO  O 

4,  b48.  3 

O    AAr^  A 

3,  bOo.  0 

O  A 

lo.  0 

1  A 

10 

A    an  A  A 
4,  bb4.  U 

O    OOO  A 

2,  oo2.  0 

J        AA  O 

4,  b09.  2 

A     A  A."  f 

4,  OOo.  5 

2.  2 

1  ACT 

lo.  05 

10 

K    AAO  O 

5,  09o.  8 

2,  42o.  b 

A^A  -i 

0,  0/0.  1 

i        yl  AA 

4,  40b.  1 

1.  8 

lo.  1 

10 

4     OOA  O 

4,  280.  2 

2,  377.  9 

A     1  ,4  O  O 

4, 148.  3 

O    AAC?  A 

3,  60o.  0 

2.  4 

lo.  2o 

10 

5,  482. 2 

A    AO  /I  A 

2, 284.  2 

o,  o31.  0 

4,  806.  6 

2.  6 

15. 15 

-i  A 

10 

r'     OAA  ^ 

o,  806.  5 

A    OOO  O 

2,  233.  3 

5,  992.  0 

5,  207.  2 

2.  8 

15.  2 

10 

6,  236.  0 

2,  225.  0 

6,  4.52.  9 

5,  607.  8 

3.  0 

15.  3 

10 

6,  576.  5 

2, 192. 1 

6,  913.  8 

6,  008.  3 

3.2 

15.4 

10 

6,  969.  0 

2, 177.  8 

7,  374.  7 

6,  408.  9 

3.4 

15.2 

10 

7,  259. 0 

2, 135.  0 

7,  835.  6 

6,  809.  4 

3.6 

15.3 

10 

7,  624.  0 

2, 117.8 

8,  296.  6 

7, 210.  0 

3.8 

15.3 

10 

8,  022.  5 

2, 111.2 

8,  757.  5 

1,  610.  5 

4.0 

14.9 

10 

8,  396.  5 

2,  099. 1 

9,218.4 

8,  Oil.  1 

4.2 

15.0 

10 

8,  720.  5 

2,  076.  3 

9,  679.  3 

8,  411.  6 

4.4 

15.1 

10 

9, 114. 5 

2, 078.  4 

10, 140.  2 

8,  812.  2 

4.6 

15.2 

10 

9,511.5 

2,  067.  7 

10,  601.  2 

9,  212.  7 

4.8 

15.2 

10 

9,  786.  5 

2,  038. 8 

11,  062. 1 

9,  613.  3 

5.0 

15.  3 

10 

10, 192. 5 

2,  038. 5 

11,523.0 

10,  013.  9 

5.2 

15.3 

10 

10,  549.  0 

2,  028.  6 

11,  983.  9 

10,  414. 4 

5.4 

15.3 

10 

10,  882.  0 

2,  015.  2 

12,  444.  8 

10,815.0 

5.6 

15.5 

10 

11,215.5 

2,  002.  8 

12,  905.  8 

11,215.5 

1.0 

15.  5 

10 

2,  696. 1 

2,  696. 1 

2,  304. 6 

2,  002.  8 

2.0 

15.  5 

10 

4,  607.  4 

2,  303.  7 

4,  609.  2 

4, 005.  5 

a  The  weights  below  computed  to  ten  minutes,  the  observed  time  being  le88. 
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Flow  of  water  through  sand  No.  37  (PL  X,  B). 


Pressure 

Tempera- 
ture. 

Flow  divided 
by  pressure. 

Flow  for  10  minutes  com- 
puted from — 

of 
water. 

Time. 

Observed  flow. 

Aspirator 
diameter. 

Observed 
highest  pres- 

<iiirf  flow 

— '  

Cm. 

 .  

o  G. 



Minutes. 

Grams. 

Grams. 

Grams. 

1.0 

15.1 

10 

1,  013. 4 

1,  013.  4 

1,  227.  0 

1,  092.  8 

1.0 

15.1 

10 

1,  030.  0 

1,  030. 0 

1,  227.  0 

1,092.8 

1.2 

15.2 

10 

1,  249. 4 

1,  041. 17 

1,  472.  4 

1,  311.3 

1.4 

15. 15 

10 

1,  481. 4 

1.  058. 14 

1,717.8 

1,  529.  9 

1.6 

15.2 

10 

1,  705. 8 

1,  066. 12 

1,  963. 2 

1,  748. 4 

1.8 

15.3 

10 

1,  933. 8 

1, 073.  88 

2,  208.  6 

1,  967.  0 

2.0 

15.4 

10 

2, 165.  5 

1,  082.  75 

2,  454. 0 

2, 185.  8 

2.2 

15.5 

10 

2,  396.  0 

1,  089.  09 

2,  699. 4 

2,  404. 1 

2.4 

15.4 

10 

2,  610. 8 

1,  087.  83 

2,  944.  8 

2,  622.  6 

2.6 

15.4 

10 

2,  854.  6 

1,  097.  92 

3, 190.  2 

2,  841.  2 

2.8 

15.4 

10 

3,  060.  4 

1, 093. 00 

3,  435.  6 

3,  059.  7 

3.0 

15.4 

10 

3,  270. 4 

1,  090. 13 

3,  681.  0 

3,  278.  3 

3.2 

15.4 

10 

3,456.4 

1,  080. 12 

3, 926. 4 

3,  496.  8 

3.4 

15.4 

10 

3,  688. 0 

1,  084.  71 

4,171.8 

3,  715.  4 

3.6 

15.5 

10 

3,  916.  6 

1,  087.  94 

4,  417.  2 

3,  933.  9 

3.6 

15.5 

10 

3,  898.  4 

1,  082. 89 

4,  417. 2 

3,  933.  9 

3.8 

15.45 

10 

4, 131.2 

1,  087.  66 

4,  662.  6 

4, 152.  5 

4.0 

15.4 

10 

4,  344.  0 

1,  086.  00 

4,  908. 0 

4,  371. 0 

4.2 

15.  45 

10 

4, 583.  0 

1,  091. 19 

0,  loo.  4: 

A    KQQ  a 

4,  ooy.  D 

4.4 

15.5 

10 

4,  776.  6 

1,  085.  60 

5,  398.  8 

4,  808. 1 

4.6 

15.5 

10 

5, 018.4 

1,  090.  95 

5,  644.  2 

5,  026.  7 

4.8 

15.3 

10 

5,  218.  4 

1,  087. 16 

5,  889.  6 

5,  245.2 

5.0 

15.4 

10 

5,  452.  4 

1,  090.  48 

6, 135.  0 

5,  463.  8 

5.2 

15.4 

JO 

5,  677.  0 

1,  091.  73 

6,  380.  4 

5,  682.  3 

5.4 

15.4 

10 

5,  910.  5 

1,  094.  44 

6,  625.  8 

5,  900.  9 

5.6 

15.4 

10 

6, 121.  5 

1,  093.  04 

6,  871. 2 

6, 119.  4 

5.8 

15.5 

10 

6,  336.  0 

1,  090.  69 

7, 116.  6 

6,  338.  0 

6.0 

15. 5 

10 

6,  556.  5 

1,  092.  75 

7,  362.  0 

6,  556.  5 
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A.  SAND  NO.  36,  NATURAL  SIZE,  /;,  SAND  NO.  37,  NATURAL  SIZE. 


KING]         EFFECT  OF  SIZE  OF  GRAIN  ON  RATE  OF  FLOW.  233 


Flow  of  water  through  sand  Xo.  38  (PI.  XI,  A). 


Pressure 

J.  \7  111  cL' 

tvirf 

hy  pressure. 

Flow  for  10  Tninutes  com- 
puted from — 

of 
water. 

Time. 

Observed  flow. 

A.spirator 
diameter. 

Obsorvt^d 
liiflhest  pres- 
sure flow. 

Cm. 

o  C. 

Minutes. 

Grams. 

Orcims. 

Grciins. 

3.4 

15.7 

10 

2,612.2 

768.  23 

2,  584 

2,  582.  9 

3.4 

15.6 

10 

2,  602. 6 

765.  47 

2,  584 

2, 582.  9 

3.6 

15.53 

10 

2,  768.  0 

768.  88 

2,  736 

2,  734.  8 

3.8 

15.  58 

10 

2,  927.  8 

770.  47 

2, 888 

2,  886.  7 

4.0 

15.52 

5 

1,  544. 0 

772. 00 

3,040 

3,  038.  7 

4.2 

15. 56 

5 

1,  622. 2 

772.  47 

3, 192 

3, 190.  6 

4.4 

15.56 

5 

1,  702.  4 

773. 81 

3,  344 

3,  342.  5 

4.6 

15.6 

5 

1,  779.  3 

773.  61 

3,  496 

3,  494. 5 

4.8 

15.6 

5 

1,  853.  8 

772. 42 

3,  648 

3,  646.  4 

.5.0 

15.6 

5 

1, 926.  4 

770. 56 

3,  800 

3.  798.  4 

1.6 

15.6 

10 

1, 184. 1 

740. 06 

1,  216 

1,215.5 

1.6 

15.6 

10 

1, 181.  6 

738.  50 

1,216 

1,  215. 5 

1.6 

14.6 

10 

1, 192. 1 

745. 06 

1,216 

1,215.5 

5.0 

14.  75 

5 

1,  946.  4 

778. 56 

3,  800 

3,  798. 4 

5.2 

14.95 

5 

1,  989. 1 

765.  04 

3,  952 

3,  950.  3 

1.6 

14.  95 

5 

586. 4 

733.  00 

1,216 

1,  215.  5 

5.4 

15.1 

5 

2,  057.  9 

762. 18 

4,  104 

4, 102. 2 

1.6 

15.2 

10 

1, 173. 1 

733. 18 

1,216 

1, 215.  5 

5. 6 

15.2 

5 

2, 125. 4 

759. 07 

4,  256 

4,  254. 2 

1.6 

15.3 

5 

585.2 

731.  50 

1,216 

1,  215.  5 

5.8 

15.4 

5 

2,  206. 4 

760. 82 

4,408 

4,  406. 1 

1.6 

15.3 

5 

589.2 

736.  50 

1,  216 

1,  215. 5 

6.0 

1.5.28 

5 

2,  281.  6 

760.  .53 

4,  560 

4,  558.  0 

1.6 

15.2 

5 

574.2 

717.  75 

1,  216 

1,215.5 

6.2 

15. 25 

5 

2,  355. 0 

759.  67 

4,712 

4,  710.  0 

1.6 

15.3 

5 

585.7 

732. 12 

1,  216 

1,  215.  5 

234  MOVEMENTS  OF  GROUND  WATER. 


Floio  of  water  through  sand  No.  39  (PI.  XI,  B). 


Flow  for  10  minutes  com- 
puted from — 

Pressure 

Temper- 
ature. 

Observed 
flow. 

Flow  divided 
by  pressure. 

of 
"water. 

Time. 

Aspirator 
diameter. 

Observed 
highest  pres- 
sure flow. 

Cm 

°C. 

CrTCimS. 

Grams. 

Gi-ams. 

9.  0 

15.  3 

5 

2,  436. 5 

541.  44 

i,  710.  7 

4,  757. 5 

9.5 

15.3 

5 

2,  563.  4 

539. 58 

4,  972.  4 

5,  021.  8 

1.  0 

15.3 

10 

566.3 

566.  30 

523.4 

528.6 

10.  0 

15.3 

5 

2/688.4 

537. 68 

5,  234. 1 

o,  286. 1 

10.5 

15.3 

2 

1, 130.  6 

537. 09 

5,  495.  8 

5,  550.  4 

11.  0 

15.3 

2 

1, 172.  7 

533.  04 

5,  757.  5 

5,  814.  7 

1.0 

15.3 

10 

568.7 

568.  70 

523.4 

528.  6 

11.  5 

15.3 

2 

1, 229. 4 

534. 52 

6,  019. 2 

6,  079.  0 

12.  0 

15.3 

2 

1,  285. 4 

534. 33 

6,  280.  9 

6,  343.  3 

12.  5 

15.3 

2 

1,  335.  7 

534. 28 

•6,  542.  6 

6,  607. 6 

13.0 

15.3 

2 

1,378.2 

530. 08 

6,  804.  3 

6,871.9 

1.0 

15. 32 

10 

566.5 

566.  50 

523.4 

528.6 

1.0 

14.8 

10 

552.8 

552. 80 

523.4 

528.6 

2.  0 

14.9 

10 

1,  111.  3 

555.  65 

1,  046.  8 

1,  057.  2 

3.0 

15.0 

10 

1,  676.  8 

558.  93 

1, 570. 2 

1,  585.  8 

4.0 

15. 1 

10 

2,  218. 5 

554.  62 

2,  093.  6 

2, 114.  4 

5.0 

15. 15 

10 

2,790.0 

558.  00 

2,  617. 1 

2,  643. 1 

6.0 

15.2 

5 

1,  653. 1 

551. 03 

3, 140.  5 

3, 171.  7 

7.  0 

15.2 

5 

1,  909.  8 

545. 65 

3,  663. 9 

3,  700.  3 

8.0 

15.2 

5 

2, 170.  4 

542.  60 

4, 187.  3 

4,  228.  9 

9.  0 

15.  25 

5 

2,  428.  3 

539. 62 

A    71 A  7 

10.0 

15.3 

5 

2,  684. 9 

536.  98 

5,  234. 1 

5,  286. 1 

11.0 

15.3 

2 

1, 182.  3 

537. 41 

5,  757.  5 

5,  814.  7 

12.0 

15.3 

2 

1,  276.  6 

531.  92 

6,  280.  9 

6,  343.  3 

13.0 

15.3 

2 

1,  375. 5 

529.  04 

6,  804.  3 

6,  871.  9 

14.0 

15.  32 

2 

1, 495.  7 

534. 18 

7,  327.  7 

7,  400.  5 

15.0 

15.32 

2 

1,  582. 1 

527.  36 

1,  851.  2 

1,  929.  2 

16.0 

15.32 

2 

1,  694.  7 

529. 59 

8,  374.  6 

8,  457.  8 

17.0 

15.36 

2 

1,  809. 1 

532.  08  ^ 

8,  898.  0 

8,  986. 4 

18.0 

15.  38 

2 

1,  903.  0 

528.  61 

9, 421.  4 

9,  515.  0 
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KING.]         EFFECT  OF  SIZE  OF  GRAIN  ON  RATE  OF  FLOW.  235 


Flow  of  water  throagh  sand  Xo.  40  (PI.  XII,  A). 


Flow  for  10  minutes  com- 
puted from — 

Pressure 

Temper- 
ature. 

Oljservetl 
flow. 

Flow  <iivKl©{l 
by  pressure. 

of 
water. 

Time. 

Aspirator 
diameter. 

Observed 
higbest  })res- 
sure  flow. 

Cm. 

0  C. 

Minutes. 

Grams. 

Orams. 

Grams. 

1.0 

17.60 

10 

530.6 

530.  60 

453.2 

469.  7 

1.0 

17.  60 

10 

538.6 

538. 60 

453. 2 

469.7 

1.5 

17.59 

10 

772.4 

514.  93 

679.8 

704.5 

2.0 

17.  40 

10 

1,  022.  9 

511. 45 

906.4 

939.3 

2.5 

17.39 

10 

1,  275.  2 

510. 08 

1, 133.  0 

1, 174. 1 

3.0 

17. 40 

10 

1,  514. 1 

503.  36 

1,  359.  6 

1,  408.  9 

3.5 

17. 40 

10 

1,  759.  8 

502.  80 

1,  587.  2 

1,  643.  8 

4.0 

17.  42 

10 

2,  025.  7 

506.  42 

1,812.8 

1,  878.  6 

4.5 

17.46 

10 

2,  272.  0 

504.  88 

2,  039. 4 

2,113.4 

2.0 

17.38 

10 

1,  018.  6 

509.  30 

906.4 

939.3 

5.0 

17.  36 

10 

2, 502.  7 

500.  54 

2,  266.  0 

2,  348.  2 

5.  5 

17.  38 

5 

1,  366.  9 

497.  05 

2,  492.  6 

2,  583.  0 

6.0 

17.  35 

5 

1,  485.  2 

495.  06 

2,  719.  2 

2,  817.  9 

6.5 

17.35 

5 

1,  597.  5 

491.  54 

2, 945. 8 

3,  052.  7 

7.0 

17.  35 

5 

1,  705.  3 

487.  23 

3, 172.4 

3,  287. 5 

7.  5 

17.  36 

5 

1,  819.  7 

485. 25 

3,  399.  0 

3,  522.  3 

8.0 

17.38 

5 

1,  936. 1 

484. 02 

3,  625.  6 

3,  757. 1 

8.5 

17.38 

5 

2,  055.  6 

483.  67 

3,  852. 2 

3,  992.  0 

9.0 

17.  38 

5 

2, 168.  7 

481.  93 

4,  078.  8 

4,  226.  8 

9.5 

17. 38 

5 

2,  275. 4 

478.  95 

4,  305.  4 

4,  461.  4 

2.  0 

17.  39 

10 

1,  003. 0 

501. 50 

906.4 

939.3 

10.0 

17.  38 

5 

2,  381. 8 

476.  36 

4,  532.  0 

4,  696.  5 

11.0 

17.  38 

5 

2,611.9 

474.  89 

4,  985.  2 

5, 166.  2 

12.0 

17.  38 

2 

1, 134. 0 

472. 50 

5,  438.  4 

5,  635.  8 

13.0 

17.38 

2 

1,  227.  6 

472. 14 

5,  891.  6 

6, 105. 5 

14.0 

17. 40 

2 

1,  324. 0 

472.  86 

6,  344.  8 

6,  575. 1 

1.5.0 

17.42 

2 

1,  419.  7 

473.  23 

6,  798.  0 

7,  044. 8 

16.0 

17.45 

2 

1, 503. 1 

469.  69 

7, 251. 2 

7, 514.  4 

236  MOVEMENTS  OF  GROUND  WATER. 


Floiv  of  water  through  sand  No.  41  (PI.  XII,  B). 


Temper- 
ature. 

Observed 
flow. 

Flow  divided 
by  pressure. 

Flow  for  10  minutes  com- 
puted from — 

ot 

Time. 

Aspirator 
diameter. 

Observed 
liigliest  pres- 
sure flow. 

CJlTl, 

o  C. 

Minutes. 

Grains. 

Grams. 

Grams. 

1.0 

16.  74 

10 

306.0 

306.  00 

297.  D 

323.  0 

1.0 

16.  74 

10 

300.5 

300.  50 

297.  o 

323.  0 

1.5 

16.  50 

10 

477.  5 

318. 33 

Ate  O 

446.  o 

484.  0 

2.0 

16  48 

10 

669.1 

334.  55 

oyo.  1 

b4b.  1 

2.5 

16.  48 

10 

847.9 

338. 16 

/43.  9 

807.  b 

3.0 

16.  48 

10 

1,  017.  5 

339. 17 

o92.  b 

969. 1 

3.5 

16.  49 

10 

1, 192.  4 

341. 15 

1    A  I  1  1 

1,  (J41.  4 

1     1  CTA 

1,  150.  b 

4.0 

16.51 

10 

1,  363.  9 

340.  97 

1     1 0A  O 

1,  190.  2 

1     OAO  -| 

1,  292. 1 

4.5 

16.51 

10 

1,  531.8 

340.  40 

1,  oo8.  9 

1,  4oo.  b 

5.0 

16.52 

10 

1,  693.  6 

338.  72 

1,  4o7.  / 

1,  bio.  1 

5.  5 

16.  52 

10 

1,  859. 6 

338. 11 

1    coo  X 

1,  bob.  0 

1,  7  <b.  b 

6.0 

16.  54 

10 

2,  028.  5 

338.  02 

1,  /8o.  2 

1,  938. 1 

6.5 

16.  56 

10 

2, 187.  8 

336. 59 

"1    C\OA  A 

1,  934.  0 

2,  099.  b 

7.0 

16.  58 

10 

2,  349. 1 

335.  59 

2,  082.  8 

o  or*  i  o 

2,  2bl.  2 

7.5 

16.  58 

10 

2,511.2 

334.82 

2,  231.  6 

O    A  OO  rr 

2,  422.  7 

8.0 

16.58 

5 

1,  335.  0 

333.  75 

2,  380.  3 

2,  584.  2 

9.0 

16. 58 

5 

1,  490.  8 

331.  29 

2,  677.  9 

3,  0b8.  / 

10.0 

16.  60 

5 

1,  649. 1 

329.  82 

2,  975.  4 

O     oo  A  O 

3,  230.  3 

11.0 

16. 62 

5 

1,  797.  4 

326. 80 

S,  272.  9 

3,  553. 3 

2.0 

16.64 

5 

325.  8 

325.  80 

595.1 

646.1 

2.  0 

16.  64 

10 

653.  3 

326.  65 

595. 1 

646.1 

2.0 

16.  66 

10 

655.  0 

327.  50 

595. 1 

646.1 

12.  0 

16.  68 

5 

1,  953.  6 

325.  60 

3,  570.  5 

3,  876.  4 

13.0 

16.  68 

5 

2, 107.  7 

324.  26 

3,  868.  0 

4, 199. 4 

14.0 

16.  72 

5 

2,  266. 8 

323. 83 

4, 165.  6 

4,  522.  4 

15.0 

16.74 

5 

2,  416. 1 

322. 15 

4,  463. 1 

4,  845.  5 

15.0 

16.  76 

5 

2,  429.  8 

323.  97 

4,  463. 1 

4,  845.  5 

15.0 

16.76 

5 

2,  427. 1 

323.  61 

4,  463. 1 

4,  845.  5 

15.0 

16.  77 

5 

2,  417.  9 

322.  38 

4,  463. 1 

4,  845.  5 

2.0 

16.  79 

10 

653.3 

326.  65 

595.1 

646. 1 
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a,  SAND  NO  40.  NATURAL  SIZE,  //,  SAND  NO.  41,  NATURAL  SIZE 
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Floiv  of  water  through  sand  jVo.  42  (PI.  XIII,  A). 


Pressure 
of 
■water. 

Tempera- 
ture. 

Time. 

Observed  flow. 

riow  divided 
by  pressure. 

Flow  for  10  1 

IJ  11  €X\J\JI 

diameter. 

uinutes  com- 
Irom — 

Obsei'ved 
highest  pres- 
sure flow. 

Cm. 

o  C. 

Minutes. 

Grams. 

Grams. 

Grams. 

1.0 

16.05 

10 

185.5 

185.  50 

193.6 

215.9 

1.5 

16.  05 

10 

294  5 

196. 46 

290.4 

323.8 

2.0 

16.05 

10 

404.7 

202. 35 

387.2 

431.7 

2.5 

16.  05 

10 

520.6 

208.  24 

484.0 

539.7 

3.0 

16.05 

10 

627.6 

209. 20 

580.8 

647.6 

3.5 

16.  05 

10 

733. 1 

209.  46 

677.6 

755.  5 

4.0 

16.  08 

10 

843.3 

210.  82 

774.4 

863.5 

4.5 

16. 10 

10 

948.7 

210. 82 

871.2 

971.4 

5.0 

16.  08 

10 

1,  058. 5 

211.  70 

968.0 

1,  079.  3 

5.5 

16. 10 

10 

1, 169.  0 

212. 54 

1,  064.  8 

1, 187.  2 

6.0 

16.  10 

10 

1,  278. 1 

213. 02 

1, 161.  6 

1,  295.  2 

6.5 

16. 10 

10 

1,  384.  5 

213.  00 

1, 258.  4 

1,  403. 1 

7.0 

16.10 

10 

1,  494.  5 

213. 50 

1,  355.  2 

1,511.0 

7.5 

16. 10 

10 

1,  601.  0 

213. 46 

i,  452.  0 

1,619.0 

7.5 

16. 10 

10 

1, 597.  3 

212. 97 

1,  452.  0 

1,  619.  0 

7.5 

16. 10 

10 

1,  598.  3 

213. 11 

1,  452.  0 

1,  619.0 

7. 5 

16. 10 

10 

1,  594.  5 

212.  33 

1,  452.  0 

1,  619.  0 

7.  5 

16. 10 

10 

1,  596.  7 

212. 89 

1,  452.  0 

1,  619.  0 

8.0 

16. 12 

10 

1,  706.  2 

213. 27 

1,  548.  8 

1,  726.  9 

8.5 

16. 15 

10 

1,  818. 8 

213. 97 

1,  645.  6 

1,  834.  8 

9.0 

16. 18 

10 

1,  920.  8 

213.  42 

1,  742.  4 

1,  942.  8 

9.5 

16. 18 

10 

2,  023. 9 

213. 04 

1, 839.  2 

2,  056.  7 

10.0 

16. 18 

10 

2, 134.  6 

213.46 

1,  936.  0 

2,  374. 6 

11.0 

16.20 

10 

2,  339. 4 

212. 67 

2, 129.  5 

2,  590.  4 

12.0 

16.  20 

5 

1, 277.  9 

212. 98 

2,  323. 1 

2,  806.  3 

13.0 

16. 20 

5 

1,  378.  2 

212. 03 

2, 516.  7 

3,  022.  2 

14.0 

16.20 

5 

1,  487.  6 

212.51 

2,  710.  3 

3,  238. 1 

15.0 

16.  20 

5 

1,  595. 4 

212.72 

2,  903.  9 

3,  453.  9 

15.0 

16.  20 

5 

1,  592.  7 

212.  36 

2,  903.  9 

3,  453.  9 
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Flow  of  water  through  sand  No.  43  (PI.  XIII,  B). 


of 

Tenipera- 
tvire. 

Time. 

Observed  flow. 

Flow  divided 
by  pressure. 

Flow  for  10  r 
puted 

Aspirator 
diameter. 

ninutes  com- 
from — ■ 

vy  uisei  veci 
highest  pres- 
sure flow. 

Minutes. 

Orams. 

Grams. 

Gvams. 

1.0 

16.60 

10 

144.6 

144.  60 

124.2 

142.3 

1.5 

16.40 

10 

187.  1 

124.  73 

186.3 

213.4 

2.0 

16.  35 

10 

264.1 

132.  05 

248.4 

284.6 

2.5 

16.  30 

10 

332.7 

133.  08 

310.6 

355.8 

3.0 

16.  30 

10 

406.8 

135.  60 

372.7 

426.9 

3.5 

16.  25 

10 

477.8 

136.  50 

434.8 

498. 1 

4.0 

16.  25 

10 

550.7 

137.67 

496.9 

569.2 

4.5 

16.25 

10 

623.1 

138. 46 

559.0 

640.4 

5.  0 

16.24 

10 

689.7 

137. 95 

621.1 

711.5 

5.  5 

16.  25 

10 

766.1 

139. 27 

683.2 

782.7 

6.0 

16.  25 

10 

839.7 

139. 95 

745.  3 

853.8 

6.5 

16.  30 

10 

909.8 

138.  71 

807.4 

925.0 

7.0 

16.  30 

10 

991.5 

141.  64 

869.5 

996.1 

7.  5 

16.  30 

10 

1,  045. 8 

139. 44 

931.7 

1,  067.  3 

8.0 

16.  30 

10 

1, 121.  6 

140.  20 

993.8 

1, 138.  4 

8.5 

16.  30 

10 

1, 182.  6 

139. 13 

1,  055.  9 

1,  209.  6 

9.  5 

16.  30 

10 

1,  33/.  8 

140.  82 

1,  loO.  1 

1,  3ol.  9 

9.0 

16.  30 

10 

1,  262.  3 

140.  25 

1, 118.  0 

1,  280.  7 

10.0 

16.  30 

10 

1,  406. 1 

140.  61 

1,  242.  0 

1,  423.  0 

11.0 

16.  30 

10 

1,541.5 

140. 14 

1,  366.  4 

1,  565.  3 

12.0 

16.30 

10 

1,  671, 1 

139.  26 

1,  490.  6 

1,  707.  6 

13.0 

16.  35 

10 

1,  835. 8 

141.21 

1,  614.  9 

1,  849.  9 

14.0 

16.  35 

10 

1,  984. 8 

141.82 

1,  739. 1 

1,  992.  2 

16.0 

16.  35 

10 

2,  276. 8 

142.  30 

1,  987.  5 

2,  276.  8 
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Floiv  of  water  through  sand  No.  44  (PI.  XIV,  A). 
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Pressure 

Teinpera* 
ture. 

by  pressure. 

Flow  for  10  minutes  com- 
puted from — 

of 
■water. 

Time. 

Observed  flow. 

Aspirator 
diameter. 

y  t  Uov5i  V  CU. 

highest  pres- 
sure flow. 

Cm. 

o  C. 

Minutes. 

Grams. 

Grams. 

Grams. 

3.0 

16. 65 

10 

286.6 

95.53 

242. 8  • 

285.2 

3.5 

16.  65 

10 

336.7 

96.20 

283.3 

332.7 

4.0 

16.  65 

10 

383.5 

95.  84 

323.7 

380.3 

4.5 

16.  65 

10 

429.2 

95.  38 

364.2 

427.8 

5.0 

16.  65 

10 

476.3 

95.  22 

404.7 

478.3 

5.5 

16.  65 

10 

524.6 

95. 38 

445.1 

522.9 

6.0 

16.  65 

10 

572.5 

95.42 

485.  6 

570.4 

6.5 

16. 65 

10 

615.  7 

94.72 

526.0 

617.9 

7.0 

16.  65 

9 

(?)  593.8 

94.  25 

561).  5 

665.  5 

7.  5 

16.  65 

10 

702.5 

93.  66 

607.0 

713.0 

8.0 

16.  65 

10 

749.0 

93.62 

647.4 

760.5 

8.5 

16.65 

10 

798.8 

93.  98 

687.9 

808.1 

9.0 

16. 65 

10 

842.6 

93.  62 

728.4 

855.6 

9.5 

16.  65 

10 

891.0 

93.79 

768.8 

903. 1 

10.0 

16.  65 

10 

941.2 

94. 12 

809.3 

950.  7 

10.5 

16.  65 

10 

981.6 

93. 49 

849.8 

998.2 

11.0 

16.  65 

10 

1,  OSO.  0 

93.64 

890.2 

1,  045.  7 

11.5 

16.  65 

10 

1,  077.  0 

93. 65 

930.7 

1,  093.  3 

12.5 

16.  65 

10 

1, 177.  6 

94.21 

1,  011.6 

1, 188.3 

12.0 

16. 65 

10 

1, 127. 1 

93.  92 

971.2 

1, 140.  8 

13.0 

16.  65 

10 

1,  228.  6 

94.51 

1,  052. 1 

1,  285.  9 

13.5 

16.68 

10 

1,271.5 

94. 18 

1,  092.  6 

1,  283.  4 

14. 0 

16.  68 

10 

1,  323. 5 

94.50 

1, 133.  0 

1,  331.0 

14.5 

16.66 

10 

1,  370. 8 

94. 54 

1, 173.  5 

1,  378.  5 

15.0 

16. 66 

10 

1,  420. 5 

94.70 

1, 214. 0 

1,  426.  0 

15. 5 

16.  66 

10 

1,  466. 4 

94.61 

1,  254.  4 

1, 473.  6 

16.0 

16.  66 

10 

1,512.5 

94.53 

1,  294.  9 

1,  521i  1 

16.5 

16.  66 

10 

1,561.7 

94.71 

1,  335.  3 

1,  568.  6 

17.0 

16.  66 

10 

1,612. 1 

94.83 

1,  375.  8 

1,616.2 

17.5 

16.  66 

10 

1,  663.  7 

95. 07 

1,  416.  3 

1,  663.  7 
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Floiv  of  water  through  sand  JSfo.  45  (PI.  XIV,  B). 


Pressure 

Tempera- 
ture. 

Observed 
flow. 

Flow  divided 
by  pressure. 

Flow  for  10  minutes  com- 
puted from — 

of 
water. 

Time. 

Aspirator 
diameter. 

Observed 
highest  pres- 
sure flow. 

Cm. 

0(7. 

Minutes. 

Grams. 

(xTCtttlS. 

(xr(X77lS, 

3.8 

16.  25 

10 

268.9 

70.  76 

252.6 

280.7 

4.0 

16.  25 

10 

283.4 

70.  85 

265.  9 

295.5 

4.2 

16.25 

10 

298.2 

71.00 

279.2 

310.  3 

4.4 

16.25 

10 

314.4 

71.  45 

292.5 

325.0 

4.6 

16.  28 

10 

329.5 

71.  63 

305.8 

339.  8 

4.8 

16.25 

10 

344.7 

71.81 

319. 1 

354.6 

5.0 

16.25 

10 

359.9 

71.98 

332.4 

369.4 

5.2 

16.  25 

10 

374.8 

72.  08 

345.  6 

384. 1 

5.4 

16. 25 

]0 

390.9 

72.  4'0 

358.9 

398.9 

6.0 

16.  25 

10 

436. 3 

72.70 

398.8 

443.2 

1.0 

16.  25 

10 

64.5 

64.50 

66.5 

73.9 

5.6 

16.28 

10 

405.3 

72.  37 

372.2 

413.  7  . 

5.8 

16.  29 

10 

420.9 

73.  57 

385.5 

428.4 

6.0 

16. 29 

10 

435.9 

72.  65 

398.8 

443.2 

6.2 

16.  29 

10 

451.5 

72.98 

412. 1 

458.0 

6.5 

16.29 

10 

473.1 

72.79 

432.1 

480.2 

7.0 

16.3 

10 

508.4 

72.63 

465.  3 

517. 1 

7.5 

16.3 

10 

544.9 

72. 55 

498.5 

554.0 

8.0 

16.31 

10 

582.3 

72. 79 

531.8 

591.  0 

8.5 

16.  33 

10 

619.0 

72.82 

565.  0 

627.  9 

9.0 

16.  35 

10 

657.3 

73.03 

598.2 

664.8 

9.5 

16.  35 

10 

692.4" 

72.  88 

631.  5 

701.  8 

10.0 

16.  35 

10 

729.1 

72.91 

664.7 

738.7 

10.5 

16.  38 

10 

766.9 

73. 04 

697.9 

775.  6 

11.0 

16.  38 

10 

804.3 

73.12 

731.2 

812.6 

11.  5 

16.  4 

10 

839.  3 

72.  98 

764.4 

848.5 

12.0 

16.4 

10 

876.4 

73.03 

797.6 

886.4 

12.5 

16.4 

10 

913.9 

73. 11 

830.9 

923.4 

13.0 

16.  42 

10 

952.2 

73.  25 

864.1 

960.3 

13.5 

16. 45 

10 

990.0 

73.33 

897.3 

997.2 

14. 0 

16.  55 

10 

1,  028. 7 

73.48 

930.6 

1,  034.  2 

14.5 

16.  48 

10 

1,  066. 6 

73. 56 

963.8 

1,  071. 1 

15.0 

16.45 

10 

1, 108. 1 

73. 87 

997.1 

1,108.1 
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A  study  of  these  tables  reveals  the  fact  that  iu  this  series  of  experi- 
mental data  there  are  particular  cases  where  the  flows  conform  very 
closely  to  the  Poiseuilie-Meyer  law;  but,  on  the  other  hand,  there  are 
many  more  cases  where  the  flow  has  been  too  rapid,  while  in  others  it 
has  been  too  slow,  and  yet  the  pressures  have  been  relatively  very  low, 
in  no  case  reaching  8  inches. 

This  failure  to  conform  with  the  law  amounts  to  as  much  as  10  per 
cent  too  rapid  and  49  per  cent  too  slow;  while  the  closest  agreement 
is  found  in  sample  ^o.  44,  where  the  departures  vary  from  a  little  more 
than  1  per  cent  too  slow  to  1.5  per  cent  too  fast. 

In  Nos.  45, 44, 43,  and  42  the  flow  increases  faster  than  the  pressure; 
in  Xo.  41  the  flow  increases  faster  than  the  pressure  at  first,  up  to  1.5 
cm.,  but  not  so  rapidly  after  that;  while  the  remainder  of  the  sands, 
Nos.  40, 39)  38, 37,  and  36,  give  flows  which  do  not  increase  so  fast  as 
the  pressure. 

The  general  conclusion  which  appears  to  be  indicated  by  this  series  is 
that  with  the  smaller  sizes,  where  the  grains  give  a  minimum  pore  having 
diameters  of  0.0117  mm.,  0.01361  mm.,  0.01619  mm.,  and  0.01809  mm. 
and  under  pressures  not  exceeding  a  gradient  of  about  3  to  5,  the  flow 
increases  faster  than  the  pressure;  but  when  the  diameters  of  the  pores 
are  0.02756  mm.,  0.024S  mm.,  0.03249  mm.,  0.04094  mm.,  and  0.05821  mm. 
the  flow  does  not  increase  so  rapidly  as  the  pressures,  even  when  the 
gradient  is  no  steeper  than  1  to  5  in  the  three  coarsest. 

In  other  words,  the  flow  becomes  so  turbulent  in  the  larger  pores  that 
considerable  amounts  of  energy  are  absorbed  even  under  very  low 
pressures. 

Since  the  length  of  the  sand  columns  in  these  cases  was  12  inches 
(30.48  cm.),  the  ratio  of  diameter  to  length  of  tube  is  as  1  to  5,236  in  the 
coarsest  and  as  1  to  26,000  in  the  finest-grained  sand,  whereas  in 
Poiseuille's  tube  A"  the  ratio  of  diameter  to  length  was  1  to  361;  yet  a 
very  close  agreement  with  the  law  was  found  under  a  pressure  58  times 
the  highest  pressure  used  here. 

It  would  appear,  therefore,  that  Poiseuille's  law  for  sands  and  other 
porous  media  holds  .only  within  very  much  narrower  limits  than  has 
been  found  true  for  capillary  tubes. 

Referring  now  to  the  influence  of  the  size  of  the  sand  grains  upon 
the  quantity  of  water  flowing  through,  under  otherwise  like  conditions, 
it  is  assumed  in  Professor  Slichter's  formula  that  the  flows  are  propor- 
tional to  the  squares  of  the  diameters  of  the  saud  grains  as  given 
below : 

^/  =  (1.0094)  ^-5-f=:c.  c.  per  sec. 
mhk 

Seelheiin's^  results  conform  somewhat  closely  to  this  relation. 

'  Zeitsclirift  fiir  aiialytische  Chemie,  Vol.  XIX.  1880,  p.  402. 
19  (iEOL,  PT  2  16 
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If  we  take  the  squares  of  the  aspirator  diameters  of  the  sand  grains 
in  the  series  under  consideration  and  plot  them  as  abscissas  and  the 
observed  and  computed  flows  as  ordinates,  we  shall  get  the  results 
shown  in  fig.  42,  where  the  observed  flows  fall  nearly  in  a  straight  line, 
as  should  be  expected  if  tbe  law  holds.  In  fig.  42  the  flows  are  taken 
for  a  pressure  of  1  cm.  and  the  observed  flows  are  numbered  2,  those 
computed  from  the  aspirator  diameters  are  numbered  1,  while  those 
from  count  and  weight  are  unnumbered,  except  the  finest  two,  which 
are  numbered  3. 


-2300  cc 


Fig.  42. — Diagram  showing  the  relation  of  observed  and  computed  flow  of  water  to  the  squares  of  the 
diameters  of  the  grains  of  sand,  shown  in  Pis.  X-XIV.  Dots  1,  flow  computed  from  aspirator 
diameter;  2,  observed  tlow;  unnumbered  and  3,  flow  computed  from  count  and  weight  diameter. 
Abscissas  indicate  squares  of  aspirator  diameters  of  sand  grains  and  ordinates  flow  of  water. 


In  tig.  43  only  the  flows  which  were  observed  and  those  computed 
from  the  aspirator  diameters  are  plotted,  the  observed  flow  being 
designated  2.    The  pressures  in  this  case  were  5  cm. 

OBSERVED  RATES  OF  FLOW  OF  WATER  THROUGH  SANDS. 

The  results  thus  far  presented  have  been  given  in  such  a  manner  as 
to  show  their  bearing  upon  the  general  laws  of  flow  of  water  through 
sands  and  rock,  and  particularly  as  to  whether  they  bear  out  the  gen- 
erally accepted  view  that  the  movements  of  ground  Avater  are  governed 
primarily  by  the  accepted  laws  of  capillary  flow. 

It  is  the  purpose  now  to  present  a  part  of  the  data  in  such  a  way  as 


KING.] 


FLOW    OF  WATER  THROUGH  SANDS. 


243 


to  show  now  rapidly  the  general  ground  water  may  flow  under  certain 
gradients,  per  cents  of  i)ore  space,  and  effective  size  of  soil  grains. 

We  have  shown  that  under  certain  conditions  the  flow  of  water 
through  sands  and  rock  increases  more  rapidly  than  the  pressure,  while 
under  other  conditions  the  increase  is  less  rapid.  It  is  the  purpose 
now,  however,  to  neglect  these  observed  and  known  variations  and  to 
assume  that  the  flow  is  directly  proportional  to  the  pressure  and 
inversely  proportional  to  the  length  of  the  sand  column,  and  that  it 
varies  as  the  squares  of  the  diameters  of  the  sand  grains. 

To  convert  the  observed  flows  in  the  series  of  sands  Nos.  36  to  45, 
given  in  the  last  set  of  tables,  into  cubic  feet  per  square  foot  of  section 


Fig.  43.— Diagram  showing  the  relation  of  obBerved  and  computed  flow  of  water  to  the  squares  of  the 
diameters  of  the  grains  of  sand  shown  in  Pis.  X-XIV.  Dots  2,  observed  flow;  unnumbered,  flow 
computed  from  aspirator  diameters.  Abscissas  indicate  scjuares  of  diameters  of  sand  grains  in 
millim«'ters  and  ordinatfs  tlow  of  water. 


of  the  sand,  it  will  be  near  enough  for  our  purposes  to  multiply  the 
number  of  grams  given  in  the  table  by  the  factor  .0008,  or  more  exactly 
.000707-J35.  This  will  give  the  value  of  the  flow  in  cubic  feet  of  water 
at  a  temperature  of  15°  0.  or  59^  F.,  as  it  was  observed  to  flow  through 
a  column  1  foot  long  under  the  pressures  there  stated  and  during  the 
times  si)ecilie(l  in  the  table. 

If  we  take  the  coarsest  sand  in  the  series  we  And  from  the  table  that 
under  a  ])ressureof  .'5  cm.,  about  0.1  foot,  the  flow  during  10  minutes  was 
6,.")7f>.5  X  O.OOOS  =  5.U01LH)  cubic  feet  per  scjuare  foot  of  section  and 
column  1  foot  long. 

Let  us  imagine  a  bed  of  this  sand  10  feet  thic^k  extending  back  from 
a  <liainage  outlet  ;in(l  rising  at  the  rate  of  3  cm.  a  foot,  or  about  1  foot 
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in  every  10  feet,  and  let  it  be  supplied  with  water  as  rapidly  as  it  is 
able  to  convey  it  away.  How  much  water  will  this  layer  be  able  to 
transmit  per  each  linear  section  of  1  foot  or  10  square  feet  when  the 
bed  has  an  extension  away  from  the  outlet  of  100,  1,000,  10,000  and 
100,000  feet? 

The  flow  through  1  foot  of  length  in  ten  minutes  was  found  to  be 
5.2612  cubic  feet  per  square  foot,  hence  the  flow  through  the  10  square 
feet  of  vertical  section  which  has  been  assumed  would  be  52.612  cubic 
feet  in  ten  minutes  and  5.2612  feet  per  minute. 

If  now  the  flow  is  decreased  in  the  same  ratio  as  the  distance  trav- 
ersed by  the  water  through  the  sand  is  increased,  and  if  the  flow  is 
increased  in  the  same  ratio  as  the  pressure  is  increased,  the  slope  or 
gradient  of  1  in  10  will  exactly  compensate  for  the  loss  due  to  increase 
in  length,  and  we  should  have  a  flow  of  5.2612  cubic  feet  per  minute  for 
each  linear  foot  of  percolation  surface,  or  0.8768  second-feet. 

We  have,  of  course,  assumed  an  enormous  gradient,  and  one  which 
can  only  occur  over  short  distances  anywhere  under  natural  conditions. 

In  the  table  which  follows  we  have  given  the  flow  in  cubic  feet  per 
minute  per  section  of  1  square  foot  as  it  was  observed  for  various 
materials  experimented  with,  assuming  a  gradient  of  1  in  10. 

Tahle  shoiving  the  flow  of  water  tlirough  sands  and  sandstones  in  cuhic  feet  j^er  minute  per 
square  foot  of  section,  under  a  pressure  gradient  of  1  in  10. 


Material. 

Represented 
in  — ' 

Flow  per  minute. 

Cubic  feet. 

Sand  No.  36  

PL  X,^  ... 

5.  2268 

Sand  No.  37  

Pl.X,  ^  ... 

3.  6490 

Sand  No.  38  

PI.  XI,  ^  . . 

1. 8481 

Sand  No.  39  

PI.  XI,  ^  . . 

1.  3582 

Sand  No.  40  

PI.  XII,  ^  - 

1.  2232 

Sand  No.  41  

PI.  XII,  B  . 

.8242 

Sand  No.  42  

Pl.XIII,^. 

.5084 

Sand  No.  43  

Pi.  XIII,i?. 

.3295 

Sand  No;  44  

PI.  XIV,  ^. 

.2321 

PI.  XIV,  B. 

.1767 

Sand  No.  33  

. 004104 

Los  Angeles  sand : 

No.  1  

PI.  VIII  - . . 

. 0007196 

.  No.  2  

PI.  VIII . . . 

. 00056847  ' 

No.  3  

PI.  VIII  . . . 

. 0002775 

No.  4  

PI.  VIII  . . . 

.  0065951 

No.  5  

PI.  VIII . . . 

.  0007270 

No.  6  

PL  VIII . . . 

. 0011866 

No.  7  

PL  VIII . . . 

.  00002612 

1  The  numbers  given  are  those  of  engraved  plates  appearing  in  this  report. 
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Table  showing  thefiow  of  water  through  sands  and  sandstones  in  cuhio  feet  per  minute  per 
square  foot  of  section,  under  a  pressure  gradient  of  1  in  10 — Continued. 


Material. 

Represented 
in  —I 

Flow  per  minute. 

Dunnville  sandstone : 

Cubic  feet. 

No.  2  

Pl.YII  .... 

.  00002033 

No.  1  

PI.  VII  .... 

.  00002373 

Madison  sandstone : 

No.  2  

PL  VII .... 

.  0001706 

No.  6  

PI.  VII ... . 

. 000009993 

'  The  numbers  given  are  those  of  engraved  plates  appearing  in  this  report. 


It  will  be  seeu  from  this  table  that  the  rate  of  flow  of  water  through 
sands  of  different  degrees  of  coarseness  varies  between  wide  limits;  so 
wide,  indeed,  is  this  variation  that  while  No.  36  (PI.  X,  A)  will  transmit 
5  cubic  feet  of  water  per  minute  under  an  effective  head  of  0.1  of  afoot, 
it  requires  the  Los  Angeles  sand  l^o.  7  more  than  138  days  to  discharge 
the  same  amount  under  like  conditions  of  pressure  through  the  same 
length  of  column,  namely,  1  foot. 

The  sandstones  studied  have  also  given  very  small  flows  under  the 
low  pressures. 

GENERAL  MOVEMENT  OF  GROUND  WATER  OVER  WIDE  AREAS. 

With  the  data  which  have  now  been  presented  and  with  the  system- 
atic studies  of  Professor  Slichter  we  are  placed  in  a  position  to  deal 
with  the  quantitative  side  of  the  movements  of  ground  water  in  a  much 
more  definite  manner  than  has  heretofore  been  possible. 

In  the  movement  of  water  over  wide  distances  through  tlie  strata  of 
the  earth's  crust  it  is  imi^ortant  to  consider  in  how  far  this  movement 
can  take  place  through  the  capillary  pores  of  the  rock  itself,  and  to 
what  extent  the  movements  must  be  along  waterways  which  have 
dimensions  larger  than  capillary. 

In  making  the  estimates  of  flow  per  square  foot  of  section  per  minute 
ill  tlie  last  table  we  have  taken  a  difference  of  pressure  amounting  to 
0.1  foot  of  water  for  each  horizontal  distance  of  1  foot,  and  have  stated 
what  the  flow  was  observed  to  be  through  a  single  linear  foot  of  the 
medium  under  experiment. 

If  it  is  assumed  that  we  have  beds  of  unfissured  sandstone  or  of  per- 
fectly uniform  sands,  such  as  were  brought  under  experiment,  with  a 
dip  of  1  in  10,  then  vertical  and  horizontal  dimensions  maybe  assigned 
to  these,  and  the  total  flow  (.'omputed  for  various  conditions. 

Specific  problems  stated. — To  give  definiteness  to  the  problems  let  it 
be  assumed  that  we  have  a  bed  of  porous  material  100  feet  thick  and 
miles  in  horizontal  extent  from  nortli  to  south,  rising  westward 
witli  a  uniform  gradient  of  1  foot  in  10,  1  in  1,000,  and  1  in  1^,000  feet. 
Let  a  canal  be  cut  across  these  l)eds  along  the  line  of  strike  which 
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extends  entirely  through  the  formation  and  which  can  be  maintained 
full  of  water.  What  quantity  of  water  may  such  a  canal  collect  from 
the  west  bank,  supposing  the  porous  bed  to  be  supplied  with  water  as 
rapidly  as  it  is  able  to  transmit  it  to  the  canal? 

As  the  water  pressure  will  increase  in  very  nearly  the  same  ratio  as 
the  distance  back  from  the  canal  increases  it  may  be  assumed  from  the 
law  of  capillary  flow  that  the  reduction  in  rate  of  flow  due  to  increase 
of  distance  back  from  the  canal  will  be  very  nearly  balanced  by  the 
increase  in  flow  due  to  increase  of  head,  so  that  the  total  growth  of 
water  in  the  canal  will  be  given  by  the  product  of  the  area  of  the  west 
face  of  the  canal  into  the  specific  rate  of  discharge  per  square  foot  as 
found  for  the  different  media  under  the  different  gradients. 

Results  obtained. — When  this  computation  is  made  it  will  be  found 
that  the  following  amounts  of  water  should  be  collected  by  a  canal  200 
miles  long  cut  in  the  sands  and  sandstones  indicated : 

Table  showing  computed  Jlow  of  water  through  sands  and  sandstones  under  different 

gradients. 


Gradient. 

Cubic  feet 
per  minute. 

■ 

Sand  No  36 : 

1  in  10  

552,000,000 

1  in  1.000   

5,  520,  000 

1  in  2,000  

2,  760,  000 

Sand  No.  33 : 

.   1  in  10...  

433.  400 

1  in  1,000   

4,  334 

1  in  2,000  

2, 167 

Madison  sandstone  No.  2 : 

1  in  10  

18,  020 

1  in  1,000   

180.2 

1  in  2,000   

90.  08 

Madison  sandstone  No.  6 : 

1  in  10  

1,  055 

1  in  1,000   

10. 55 

1  in  2,000   -  

5.  276 

Comparison  of  results  with  Barton's  estimates, — Barton's^  map  of  the 
Dakota  artesian  basin  shows  an  extent  north  and  south  of  somewhat 
more  than  250  miles,  and  he  estimates  that  in  1806  the  total  discharge 
from  about  400  of  the  deeper  wells  of  this  basin  was  232  cubic  feet  per 
second,  or  13,920  cubic  feet  per  minute. 

To  compare  the  quantitative  relations  of  water  movement  in  this 
basin  with  those  in  the  cases  which  have  been  supposed  it  will  not  be 
an  unreasonable  supposition  to  make,  in  view  of  the  known  geological 
structure  and  relations,  that  the  water  which  supplies  the  Dakota  basin 

1  Seventeenth  Ann.  Report  U.  S.  Geol.  Survey,  Part  II,  p.  610. 
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comes  from  the  westward  through  water-bearing  beds  having  an  aggre- 
gate thickness  of  100  feet,  and  that  the  balk  of  the  water  must  traverse 
at  least  100  miles  before  reaching  the  meridian  of  the  westernmost  well. 
In  view  of  the  fact  that  Barton's  map  shows  more  than  200  wells  sit- 
uated in  the  southern  100  miles  of  the  Dakota  basin,  it  appears  clear 
that  the  water  bearing  beds  must  be  transmitting  water  at  the  rate  of 
13,920  cubic  feet  per  minute  through  a  section  of  the  water  bearing 
beds  not  larger  than  200  miles  from  north  to  south  and  100  feet  in 
aggregate  effective  depth. 

If  this  estimate  is  within  the  limits  of  fact,  then  the  actual  observed 
rate  of  flow  through  the  Dakota  water-bearing  beds  must  exceed  the 
capacity  of  any  of  the  materials  which  have  been  cited  under  a  pres- 
sure gradient  1  foot  in  1,000  feet,  except  the  coarsest  sand,  No.  30, 
whose  grains  have  an  effective  diameter  of  2.54  mm.  Even  with  the 
clean  washed  sand  No.  33,  whose  grains  have  a  diameter  exceeding  0.1 
mm.,  the  total  capacity  of  a  section  100  feet  by  200  miles  is  only  about 
one-third  that  which  the  Dakota  wells  are  known  to  be  delivering  at 
the  surface. 

Since  in  certain  sections  of  the  Dakota  basin  there  have  been  many 
wells  put  down  within  comparatively  small  areas  and  since  the  water  is 
discharged  from  many  of  these  wells  under  heavy  pressures,  it  appears 
clear  that  the  wells  now  in  existence  do  not  nearly  tax  the  water- 
bearing beds  to  the  limit  of  their  capacity,  and  j)robably  would  not  do 
so  were  the  number  of  wells  in  the  whole  basin  made  double  what  it 
now  is.  It  seems  clear,  therefore,  that  either  larger  dimensions  for  the 
water  bearing  beds  or  heavier  pressures  than  we  have  assumed  must 
exist,  or  else  that  the  main  movement  of  the  water  across  the  long  dis- 
tances which  it  appears  that  it  must  travel  must  be  through  waterways 
offering  much  less  resistance  than  that  required  by  the  sizes  of  the 
sand  grains  which  make  up  most  water-bearing  beds.  But  to  double 
the  cross  section  of  the  water-bearing  beds  or  to  double  the  pressure 
gradient  would  only  increase  the  capacity  of  the  coarsest  sandstones 
experimented  with  to  360.2  cubic  feet  per  minute  and  to  both  double 
the  cross  section  and  the  pressure  gradient  as  well  would  give  a  capacity 
of  only  one-twentieth  of  that  observed  and  one-fortieth  of  what  probably 
actually  exists. 

Since  a  pressure  gradient  of  1  in  500  feet  means  a  rise  of  the  surface 
to  the  westward  of  the  artesian  basin  amounting  to  10.50  feet  per  mile, 
it  is  plain  that  were  it  true  that  the  water  has  its  origin  in  tlie  higher 
level  of  the  Black  Hills  or  in  the  Bighorn  Mountains  the  re(|uisite 
gradient  to  meet  the  demands  could  not  be  provided  with  any  reasonable 
estimate  of  cross  section  of  the  water-bearing  beds. 

EHtbnntes  made  hy  rrofessor  SHchter, — We  give  below  Professor 
Slicliter's  estimate  of  the  amount  of  flow  of  water  under  the  conditions 
of  Problem  I,  Series  A,  which  was  submitted  to  him  for  theoretical 
consideration.    The  problem  stated  is  as  follows: 

Given  a  uniform  bed  of  unfissured  sandstone  100  feet  thi(;k  lying 
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between  impervious  layers  and  dipping  at  the  rate  of  5  feet  to  the 
mile; 

Given  further — 

(a)  A  uniform  temperature  of  10^  0., 
(h)  A  pore  space  of  30  iDer  cent, 

(c)  An  effective  size  of  grains  of  0.15  mm., 

(d)  An  effective  head  of  discharge  amounting  to  10  feet,  and 

{e)  Supposing  no  cementing  or  clogging  material  between  the  grains; 

Eequired  the  possible  discharge  in  cubic  feet  per  minute  per  foot  of 
vertical  section  into  a  vertical  fissure  extending  along  the  line  of  strike 
and  continually  filled  with  water  when  the  fissure  is  20,  40,  60,  80, 100, 
120, 140, 160, 180,  and  200  miles  from  the  border  of  the  collecting  era, 
and  when  the  rainfall  on  the  catchment  area  is  sufficient  to  maintain 
continuous  overflow  across  its  border. 

Professor  Slichter  has  presented  two  solutions  of  this  problem,  first, 
where  the  water-bearing  stratum  is  horizontal  and  where  an  effective 
head  of  10  feet  is  maintained;  and  second,  where  the  stratum  has  a 
gradient  of  5  feet  to  the  mile  and  besides  this  an  additional  effective 
head  of  10  feet.  The  results  obtained  are  given  in  terms  of  the  amount 
of  flow  per  100  square  feet  of  section  of  the  water-bearing  bed,  so 
that  to  find  the  total  discharge  for  the  200  miles  of  north- and- south 
section  the  results  in  the  table  should  be  multiplied  by  5280  x  200. 
The  results  are  further  given  for  two  sizes  of  sand  grain. 

Table  shotving  the  theoretical  flow  of  water  through  20  to  200  miles  of  sandstone  in  cubic 

feet  per  100  square  feet  of  section. 


Distance. 

Level  strata. 

Slope  of  5  feet  to  mile. 

Diameter. 

Diameter  of 
grain. 

Diameter, 

Diameter. 

0.1.5  mm. 

0.25  mm. 

0.15  mm. 

0.25  mm. 

Miles. 

20  

0. 000062 

0.  0002139 

0. 000683 

0.  002353 

40  

. 000031 

.  000107 

.  000652 

.  002246 

60  

.  000026 

.  000071 

. 000642 

.  002210 

80  

. 000016 

. 000053 

.  000637 

. 002192 

100  

. 000012 

. 000043 

.000633 

. 002182 

120...  

.  000010 

. 000035 

.  000631 

.  002174 

140  

.  000009 

.  000031 

. 000630 

.  002170 

160  

.  000008 

. 000027 

. 000629 

. 002166 

180  

. 000007 

.  000024 

. 000628 

. 002163 

200  

. 000006 

. 000021 

. 000627 

. 002159 

When  the  amounts  of  flow  in  this  table  are  computed  for  the  whole 
200  miles  of  fissure  exposure  the  largest  aggregate  flow  is  only  721.  2 
cubic  feet  per  minute  where  the  grains  have  a  diameter  of  0.15  mm.  and 
only  2,485  cubic  feet  per  minute  where  the  diameter  of  the  sand  grains 
is  0.25  mm. 
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This  larger  amount,  it  will  be  seen,  must  be  multiplied  by  nearly  6 
in  order  to  bring  the  theoretical  discharge  up  to  the  observed  limits  in 
the  Dakota  artesian  basin.  It  is  to  be  noted  that  the  theoretical  limi- 
tations to  the  possible  rate  of  flow  through  purely  capillary  passage- 
ways agrees  fairly  well  with  the  observed  rates  of  flow  as  cited  in  the 
foregoing  tables. 

In  making  our  own  calculations  of  rate  of  flow  from  the  observed 
flows  we  have  intentionally  used  the  results  derived  from  the  lower 
pressures,  for  the  reason  that  the  lengths  of  the  columns  were  so  short 
that  it  seemed  more  rational  to  do  this.  Had  we  used  the  flows  under 
the  higher  pressures  the  results  would  have  been  larger  because  the 
flow  increases  faster  than  the  pressure.  There  is,  however,  no  reason  to 
suppose  that  the  difl'erence  is  large  enough  to  give  a  flow  sufficient  to 
meet  the  demands. 

Movement  of  ground  water  through  fissures, — It  appears  clear,  there- 
fore, from  what  has  been  presented,  that  the  movements  of  ground  water 
across  long  distances  must  take  place  in  considerable  measure  tlirough 
l^assageways  larger  than  those  which  depend  upon  the  pore  space  fixed 
by  the  diameters  of  the  grains  which  constitute  the  beds  themselves, 
and  if  this  conclusion  must  stand  it  follows  that  such  problems  as  we 
propounded  for  mathematical  treatment  by  Professor  Slichter  become 
inapplicable  to  natural  conditions  except  those  of  small  areas. 

It  would  appear  that  all  fissures  of  all  rocks  must  participate  in  the 
horizontal  movements  of  ground  water  to  a  considerable  extent  if 
the}'  lie  below  the  plane  of  saturation  and  are  in  any  Avay  connected 
with  a  water-bearing  stratum.  Where  two  sandstone  horizons  are  sepa- 
rated by  rock  formations  possessing  jointed  structure  developed  in  a 
marked  degree  it  may  be  that  these  joints  and  fissures  participate  to 
no  inconsiderable  extent  in  the  horizontal  transmission  of  the  water. 

It  may  also  be  true  that  such  beds  separating  two  sandstone  forma- 
tions will  serve  to  make  the  water  in  both  beds  available  to  wells  which 
penetrate  only  the  upper  horizon,  the  water  reaching  the  well  not 
directly  but  by  rising  in  a  general  way  at  many  places  or  along  numer- 
ous lines  and  networks  of  fissures  and  over  wide  areas  in  such  a  manner 
as  to  keep  the  upper  sandstone  more  nearly  filled  with  water  and  thus 
maintain  the  pressure  in  the  rock  about  the  well  at  a  materially  higher 
])oint  than  would  otherwise  exist,  especially  in  such  cases  as  the  wells 
of  city  waterworks  where  continuous  pumi:)ing  is  maintained. 

It  may  even  be  true  that  water  from  an  upper  horizon  of  sand- 
stone may,  in  certain  regions,  i)ass  through  a  general  system  of  fissures 
into  one  of  lower  level,  and  vice  versa,  during  its  horizontal  transmission, 
the  water  taking  in  all  cases  the  line  of  least  resistance,  so  that  if  in 
the  up])cr  horizon  of  sandstone  in  a  ])articular  region  the  texture  is 
(•h>ser  than  that  in  the  lower,  the  general  flow  couhl  w^ell  divide  and 
become  in  one  section  stronger  than  normal,  lirst  in  the  lower  horizon 
and  then  in  the  ui)])er  horizon,  according  as  the  texture  of  the  two 
rocks:  vary  in  coarseness. 
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It  would  appear  that  the  more  rational  view  to  take  of  the  movement 
of  underground  water  is  that  it  is  one  more  or  less  continuous  body 
receiving  accessions  at  many  high  levels  and  discharging  its  water  at 
many  lower  levels,  but  that  the  water  in  reaching  its  lower  levels  may 
not  all  of  the  way  follow  continuously  one  particular  geological  horizon. 

It  is  of  course  true  that  the  maximum  How  must  be  concentrated  in 
the  sandstone  horizons,  but  it  seems  also  necessary  to  suppose  that  even 
here  there  must  be  joints,  fissures,  or  other  waterways  which  materially 
assist  in  the  transmission  of  the  water. 

In  the  case  of  wells  sunk  in  rock  the  flow  of  water  into  them  may  be 
very  much  more  rapid  than  that  of  the  general  flow  of  water  through  the 
formation  in  which  the  well  is  sunk,  because  when  the  water  is  taken 
out,  either  by  pnmping  or  by  natural  discharge,  a  local  effective  head 
is  developed,  much  greater  than  the  general  efl'ective  head,  and  as  the 
water  approaches  the  well  from  all  sides,  a  relatively  very  slow  flow, 
even  a  few  feet  back  from  the  well,  will  deliver  a  large  amount  of  water 
to  the  well,  and  if  the  material  is  coarse  and  the  bore  of  the  well  small 
the  amount  delivered  may  even  tax  the  capacity  of  the  well  to  deliver 
the  water  which  is  brought  to  it. 

GROWTH  OF  RIVERS. 

It  will  be  desirable,  now,  to  compare  the  growth  of  rivers  as  it  is  known 
to  take  place  through  measurements  of  the  volume  of  water  carried  at 
different  sections,  and  see  how  rapid  the  seepage  into  the  channel  must 
be  in  order  to  account  for  the  measured  growth. 

Los  Angeles  River. — Through  the  kindness  of  Mr.  Newell  the  writer 
is  enabled  to  use  some  valuable  data  regarding  the  growth  of  Los 
Angeles  River,  California,  which  have  been  collected  for  use  in  the  case 
of  the  city  of  Los  Angeles  against  the  West  Los  Angeles  Water  Com- 
pany, and  which  have  been  furnished  by  Mr.  J.  B.  Lippincott,  under 
Mr.  KewelFs  direction. 

Careful  measurements  of  this  river  in  the  winter  of  1897  and  1898 
showed  that  in  a  distance  of  59,088  feet  the  river  increased  in  volume 
from  20.41  cubic  feet  per  second  to  something  near  80  cubic  feet. 

The  width  of  this  river,  as  shown  by  a  map  sent,  will  average  per- 
haps 40  feet,  and  if  we  add  to  this  a  width  of  5  feet  on  each  bank, 
making  50  feet  in  all  through  which  water  may  enter  the  stream,  we 
shall  have  a  total  seepage  surface  amounting  to 

59,088  X  50=2,954,400  square  feet. 

The  rate  of  seepage  for  seven  samples  of  sands  taken  from  this  river 
valley,  in  the  region  of  the  developments  of  the  Crystal  Springs  Land 
and  Water  Company  and  the  West  Los  Angeles  Water  Company,  is 
given  in  the  tables  on  page  244,  and  the  sands  are  also  represented 
natural  size  in  PI.  VIII  (p.  148).  Mr.  Lippincott's  description  of  them 
is  as  follows : 

No.  1  is  taken  from  manhole  No.  2.  At  this  place  the  soil  is  some- 
what stratified,  there  being  a  layer  of  finer  sand  or  silt,  from  6  inches 
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to  2  feet  in  thickness,  below  which  might  be  expected  a  coarser  sand 
and  gravel.  This  sample  is  taken  from  a  silt  section  about  3  feet  below 
the  surface  of  the  ground. 

No.  2  is  taken  from  manhole  No.  2,  5  feet  below  the  surface  of  the 
ground,  and  is  the  ordinary  sand  and  gravel  Avhich  constitutes  fully 
two-thirds  of  the  material  in  question  at  this  point. 

No.  3  is  taken  from  manhole  No.  3.  The  soil  is  a  mixed  soil  which 
was  thrown  out  from  the  excavation  over  this  manhole,  and  has  been 
quite  well  mixed  by  the  use  of  scrapers  and  back  filling.  The  excava- 
tion was  about  12  or  15  feet  deep. 

No.  4  is  the  ordinary  sand  and  gravel  of  the  river  bed  taken  where 
the  infiltration  pipes  lie  under  the  river,  200  feet  northwest  of  manhole 
No  3. 

No.  5  is  a  sample  taken  from  the  cut  of  the  West  Los  Angeles 
Water  Company,  block  37,  west  of  house  inclosed  by  small  fence  (fig. 
45).  In  this  excavation  the  stratification  is  more  pronounced  than  at 
the  Crystal  Springs,  the  silt  or  fine  sand  strata  probably  composing 
fully  one-half  of  the  material  through  which  the  excavation  was  made, 
particularly  around  the  bend,  which  is  referred  to  occasionally  as  the 
•'Goose- Neck.''  The  layers  are  probably  3  to  6  feet  thick,  the  sand  and 
gravel  strata  becoming  more  pronounced  as  the  cut  proceeds  toward 
the  Tujunga  Wash. 

No.  G  was  taken  from  the  ordinary  sand  and  gravel  stratum  west  of 
barn  and  chicken  house  on  block  37  (fig.  45). 

No.  7  was  taken  at  the  point  where  the  excavation  reapproaches 
Yerdugo  avenue.  This  is  in  the  sharp  bend.  At  this  point  the  mate- 
rial is  decidedly  finer  than  at  any  other  point  in  the  cut. 

If  we  use  the  computed  rates  of  flow  per  square  foot  of  these  soils 
under  a  gradient  of  1  in  10,  as  given  in  the  table  on  page  244,  and  from 
them  calculate  the  aggregate  seepage  into  the  section  of  the  river  in 
question,  we  shall  get  the  results  given  in  the  table  below: 

Table  showing  computed  seepage  into  a  section  of  the  Los  Angeles  River  59,088  feet  Jong 

under  different  gradients. 


Flow  in  cubic  feet  per  second  under 

Mai  (rial. 

different  gradients. 

1  ill  200. 

1  in  80. 

1  in  20. 

Los  Angeles  s;iimI  : 

No.  1  

L77 

4.  425 

17.7 

No.  2  

l.:^997 

3.499 

13.  99 

N<..H  

1.7075 

6.  83 

No.  I  

16.  23« 

40.  59 

162.  36 

No. .-.  

1.79 

4.475 

17.  90 

No.  6  

2.  9213 

7.  304 

29.  2 

No.  7  

0.  0643 

.  1608 

0.  643 
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Fig.  44. — Profile  of  the  growth  of  the  L03  Angeles  River.  The  or- 
dinates  express  rates  of  flow  in  second-feet  at  different  points. 
Numbers  between  arrows  designate  distances,  in  feet,  between 
measuring  stations. 


It  will  be  seen  from 
this  table  that  there' 
is  here  an  apparent 
shortage  in  the  ca- 
pacity of  even  the 
coarsest  material  to 
deliver  the  water  to 
the  river  as  rapidly 
as  the  measurements 
show  that  it  was  re- 
ceived. Even  when  a 
pressure  gradient  of 
1  in  20  is  taken  none 
of  the  samples  except 
^o.  4  give  as  much 
water  as  is  required ; 
No.  4  is  a  sample  of 
the  sands  from  the 
river  channel  itself, 
and  therefore  likely 
to  be  too  coarse,  and 
there  is  no  reason  to 
suppose  that  there 
can  be  an  effective 
pressure  gradient  as 
high  as  1  in  20  any- 
where in  this  section 
of  the  valley,  as  evi- 
denced by  the  m  ap,  PI. 
XY,  showing  the  con- 
tours of  the  ground 
waters  in  the  lower 
section  of  the  valley 
under  consideration. 

If  reference  is  made 
to  the  profile  of  the 
growth  of  the  river 
(fig.  44)  it  will  be  seen 
that  much  the  larger 
part  is  made  in  the 
upper  end,  there  be- 
ing 47.13  second  feet 
out  of  60,  the  total 
amount,  and  yet  the 
length  of  this  portion 
of  the  river  is  only  47 
per  cent  of  the  whotle. 
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It  follows,  therefore,  that  the  observed  growth  of  the  river  is  in  a  con- 
siderable part  of  the  distance  more  rapid  even  than  at  the  rate  of  60 
cubic  feet  per  second  for  a  length  of  11.19  miles. 

It  is  quite  possible  that  the  large  growth  of  this  river  is  to  be  accounted 
for  by  water  moving  along  a  submerged  river  channel  filled  with  coarse 
gravel  leading  down  from  the  Yerdugo  Canyon  and  possibly  others 
also  from  the  direction  of  the  Tujunga  Wash;  but  it  appears  more  rea- 
sonable to  suppose  that  even  in  these  loose  river  sands  the  water  has 
developed  for  itself  submerged  waterways  into  which  it  drains  and  then 
flows,  under  much  less  resistance,  to  the  river  channel  in  the  form  of 
numerous  small  springs.  Indeed  Mr.  Lippincott  states  that  testi- 
mony was  given  in  court  by  the  engineers  in  charge  of  the  investigation 
that  underground  veins  were  uncovered  varying  in  size  from  a  lead 
pencil  to  those  large  enough  to  introduce  a  man's  leg  and  into  which 
a  long-handled  shovel  could  be  pushed  up  to  the  blade. 

It  would  be  very  helpful  in  the  discussion  of  this  question  if  the 
growth  were  known  of  some  streams  in  valleys  where  there  is  no  reason 
to  suspect  the  existence  of  such  exceptional  facilities  for  the  flow  of 
underground  water  as  is  found  here,  but  no  such  data  are  at  hand. 

RATE  OF  SEEPAGE  INTO  THE  FLUME  OF  THE  WEST  LOS  ANGELES 

WATER  COMPANY. 

In  fig.  45  is  represented  the  flume  of  the  West  Los  Angeles  Water 
Company,  which  now  has  a  measured  length,  including  a  short  branch,  as 
shown  on  the  map  furnished  me  by  Mr.  J.  B.  Lippincott,  of  about  4,500 
feet,  sunk  below  the  normal  level  of  the  ground  water  for  the  purpose 
of  collecting  this  and  delivering  it  at  the  surface  lower  down  the  valley. 
The  flume  is  described  as  being  rectangular  in  cross  section  4  feet  deep 
and  5  feet  wide  with  oi)en  bottom  but  covered  and  provided  with 
wooden  sides. 

On  January  21,  1897,  this  flume  was  discharging  7.2  cubic  feet  per 
second.  On  JS'oveniber  19,  1896,  it  discharged  7.29  second-feet;  on 
March  1,  1890,  8.5  second-feet;  on  ISTovember  23, 1895,  it  is  said  to  have 
discharged  10.1  second-feet;  but  in  April,  1898,  it  was  discharging  but 
6.2  cubic  feet  per  second. 

Prior  to  the  construction  of  this  flume  it  is  said  that^ — 

Numerous  ranches  in  the  vicinity  of  the  head  works  of  this  water  company  had 
orchards  and  fields  that  for  a  term  of  years  had  been  producing  crops  successfully 
and  uninterruptedly.  The  West  Los  Angeles  Water  Company  opened  this  cut  as 
shown  on  the  map  in  an  old  stream  channel  of  the  liig  Tujunga  AVash.  They 
developed  a  supply  of  water  which  originally  was  flowing  about  1.2  feet  prr  second 
on  the  surface  until  it  discharged  a  maximum,  according  to  a  statement  of  the 
company,  of  10.2  feet.  The  crops  in  the  neighborhood  adjoining  began  to  die, 
orchard  trees  7  or  8  years  old  died  in  visible  streaks  along  old  ch;nin(>l  lines. 
Alfalfa  fields  did  the  same.  »  *  *  The  opening  of  the  cut  was  syn<  lironous  with 
the  dropping  of  certain  wells  and  the  drying  up  of  (lowing  water  in  a  branch  of  the 
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Tujunga  Wash.  When  the  excavation  was  carried  around  the  ''Goose-Neck/^  in 
block  37,  where  a  finer  line  of  silts  was  encountered,  the  drop  in  the  wells  was  very- 
apparent. 

If  the  full  length  of  this  flume  and  its  branch  is  taken  as  4,500  feet, . 
and  the  seepage  section  as  equal  to  the  5  feet  on  the  bottom  of  the 
flume  and  2  feet  on  each  side,  the  total  seepage  area  will  be  40,500 
square  feet. 
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Fig.  45.  — Diagram  of  liunie  of  West  Los  Angeles  "Water  Company  and  vicinity.  Numbered  dots 
show  where  level  of  ground  water  was  measured  in  wells  sunk  for  the  purpose,  and  correspond 
with  numbers  on  fig.  46.  '  . 


In  order  to  ascertain  the  character  of  the  surface  of  the  ground  water 
in  the  vicinity  of  this  flume,  lines  of  wells  were  sunk  at  the  places  des- 
ignated in  fig.  45,  and  the  levels  of  the  water  in  them  were  determined. 
The  results  of  these  determinations  are  represented  in  fig.  46,  from 
which  it  will  be  seen  that  for  a  distance  of  a  little  more  than  100  feet 
back  from  the  flume  the  surface  of  the  ground  water  rises  rapidly,  but 
nowhere  reaches  a  gradient  of  10  feet  in  100  feet. 

Taking  a  gradient  of  10  feet  in  100  feet,  or  1  in  10,  the  amount  of 
water  which  would  be  delivered  to  the  flume  through  the  i^o.  5  sand 
would  be  29.34  cubic  feet  i)er  minute;  through  the  i^o.  6  sand,  47.05 
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cubic  feet,  aud  through  the  No.  7  saud,  0.23  cubic  foot,  supposing'  in 
each  case  that  the  water  enters  both  sides  and  bottom  of  the  flume 
witli  eiuial  facility  aud  velocity. 

These  results,  it  will  be  seen,  are  much  too  small,  the  observed  flow 
exceeding  the  largest  computed  flow  nearly  tenfold.  Of  course  it  is 
quite  possible  that  the  material  through  which  much  of  the  water 
enters  the  flume  is  considerably  coarser  than  the  coarsest  sample  exam- 
ined; but  it  seems  probable  that  even  in  such  a  case  as  this  there  must 
be  large  numbers  of  pores  or  waterways  which  are  larger  than  capil- 
lary, and  through  these  the  water  flows  in  largest  volume.  It  is  true 
that  when  the  theoretical  flow  is  computed  from  the  aspirator  diameters 
of  the  sand  grains,  in  this  case  the  amount  found  is  larger  than  that 
shown  by  the  flow  of  water  through  the  same  samT:>les ;  but  even  then 
it  falls  short  of  the  observed  flow  by  a  large  amount,  even  for  the 
coarsest  sand. 
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Fig.  46.— Profiles  of  the  surface  of  the  ground  water  in  the  vicinity  of  the  West  Los  Angeles  Water 
Company.  The  heavily  shaded  line  is  the  ground-water  surface.  Each  square  represents  100  by 
10  feet. 

RATE    OF    SEEPAGE   INTO   THE    INFILTRATION    PIPES    OF  THE 
'  CRYSTAL  SPRINGS  LAND  AND  WATER  COMPANY. 

In  the  case  of  the  system  of  infiltration  pipes  farther  down  the  same 
valley,  on  the  tract  of  the  Crystal  Si)rings  Land  and  Water  Company, 
the  conditions  for  producing  the  flow  are  too  complex  to  show  Just  what 
should  be  expected  for  the  amount  of  seepage.  It  may  be  said,  how- 
ever, that  this  system  consists  of  an  east  and  west  line  of  infiltration 
pi])cs  sunk  below  the  normal  level  of  the  ground  water  of  the  river 
valley,  which  join  in  their  lower  portion,  where  they  deliver  the  water 
c()lle(;ted  by  them  at  the  surface.  The  pipes  used  in  tliis  case  are  glazed 
sewer  tile,  laid  double  upon  boards  in  the  bottom  of  an  open  ditch, 
the  space  iiiimediately  around  the  tile  being  filled  in  with  coarse  gravel 
ami  stone,  to  facilitate  the  approach  of  the  water  to  and  its  entrance 
into  the  um^emented  Joints  of  the  tile,  while  above  the  gravel  the  cut 
was  filled  with  the  materials  taken  from  the  excavation.  The  east  iuHl- 
tration  line  has  a  total  length  of  double  tile  consisting  of  1,34:.'5  feet  of 
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24-inch  tile,  300  feet  of  20-inch  tile,  1,385  feet  of  loj-inch  tile,  and  619 
feet  of  12-inch  tile,  making  a  total  of  3,647  running  feet  of  the  double 
line.  The  west  infiltration  line,  also  double,  has  a  measured  length  of 
1,721  running  feet,  all  15-inch  pipe. 

The  total  water  discharged  from  the  entire  system  on  February  1, 
1898,  was  9.002  cubic  feet  per  second,  or  a  mean  rate  of  0.001677  cubic 
foot  per  second  for  each  linear  foot  of  the  whole  length. 

If  we  regard  the  rectangular  section  of  the  ditch  in  which  the  tile 
was  placed  and  surrounded  by  stone  and  gravel  as  constituting  the 
flume  into  which  seepage  took  place,  and  assume  the  height  of  the  flume 
to  be  equal  to  the  diameter  of  the  pipe  with  6  inches  of  gravel  on  each 
side  of  the  line,  then  the  total  percolation  surface  would  be  as  follows, 
not  counting  the  top,  as  usually  no  water  stands  immediately  above  it. 

Percolating  surface  of  flume  of  West  Los  Angeles  Water  Company. 


Percolation 
surface. 


Square  feet. 

West  pipes,  1,721  x  5   8,  605 

East  pipes,  1,343  X  8   .1  10,  744 

East  pipes,  300  x  6f   2,  000 

East  pipes,  1,385  X  5,!;    7, 156 

East  pipes,  619  x  4   2,  476 

Total  


30,  981 


Estimated  on  this  basis,  the  total  seepage  on  February  1  was  at  the 
mean  rate  of  0.01743  cubic  foot  per  minute,  while  the  measured  flow  by 
this  investigation,  under  a  gradient  of  1  foot  in  10,  was  only  0.0065451 
cubic  foot  per  minute  for  the  coarsest  sample  (^^"0.  4)  taken  from  this 
section.  On  the  assumption  of  a  pressure  gradient  of  10  in  10  for  the 
samples  experimented  with,  the  observed  flow  would  be  at  the  following 
rates  in  cubic  feet  per  minute  per  square  foot: 

No.  1   0. 007196 

No.  2   0056847 

No.  3  002775 

No.  4    .  065951 

In  this  case  we  have  for  tbe  coarsest  sample  a  computed  flow  nearly 
four  times  the  observed  flow,  but  there  is  no  evident  reason  for  assuming 
that  the  gradient  of  efl'ective  pressure  is  as  high  as  10  in  10. 

RATE  OF  FILTRATION  OF  WATER  THROUGH  SOIL. 

In  the  plant-house  section  of  our  physical  laboratory  we  have  a  pit 
12.7  feet  by  72.7  feet  by  8  feet  deep,  which  is  cemented  on  the  bottom 
and  sides  in  the  manner  of  a  cistern.  The  bottom  of  this  pit  slopes 
to  a  central  longitudinal  axis  and  the  south  end  is  a  little  higher  tha?i 
the  north  end,  so  as  to  give  drainage  from  the  south  toward  the  north. 
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A  line  of  S-inch  tile  is  placed  along  the  central  axis,  and  leading  into  this 
line  at  intervals  of  4  feet  on  each  side  there  are  other  lines  of  similar 
tile  extending  from  the  side  walls  to  the  central  line. 

Into  this  pit  there  is  filled,  to  a  depth  of  5.174  feet,  the  sandy  till  of 
a  glacial  drnmliii  from  whicth  was  separated  all  stone  and  gravel  which 
would  not  pass  a  screen  of  a  half-inch  mesh.  This  material  was  at  first 
all  wheeled  into  the  pit,  nearly  filling  it.  It  was  then  shoveled  onto  a 
screen  and  the  coarse  material  thrown  out.  This  double  handling  and 
screening,  while  it  did  not  secure  perfect  uniforttiity  throughout  the 
pit,  did  give  an  evenness  of  texture  which  the  soil  in  its  natural 
condition  did  not  possess. 

On  the  top  of  this  layer  of  screened  material  there  was  placed  1.29 
feet  of  a  yellowish  sand.  The  total  mean  depth  of  the  material  was 
therefore  0.404  feet. 

This  pit,  preparatory  to  the  percolation  trials  here  described,  was 
divided  into  four  sections,  as  shown  in  PI.  XVI,  by  setting  up  boards 
crosswise  and  banking  sand  against  them.  Water  was  then  allowed  to 
run  into  and  cover  the  south  section,  which  is  in  the  foreground  of  the 
plate,  and  the  rate  of  percolation  through  this  section  when  it  reached 
its  maximum  was  7.5  T)ounds  per  minute  from  an  area  of  103.83  square 
feet,  or  at  the  rate  of  0.0458  pound  i^er  square  foot  per  minute. 

Water  was  next  turned  upon  the  north  section,  having  an  area  of 
228.0  square  feet,  and  the  maximum  discharge  reached  here  Avas  5.02 
pounds  i)er  minute,  or  a  rate  of  0.0244  pound  per  square  foot  per  min- 
ute. From  the  section  adjoining  the  north  one,  having  an  area  of  259.5 
square  feet,  tlie  maximum  discharge  was  9.47  pounds  per  minute,  or  at 
the  mean  rate  of  0.0305  pound  per  square  foot  ])er  minute. 

From  the  remaining  section,  next  to  the  south  end,  the  maximum 
discharge  was  found  to  be  11.5  pounds  per  minute  from  an  area  of 
261.93  square  feet,  which  is  at  the  mean  rate  per  square  foot  of  0.0439 
pound. 

If  we  number  the  sections  of  the  pit  from  the  north  toward  the  south 
and  tabulate  the  rates  of  discharge  per  square  foot  per  twenty-four 
hours,  we  shall  have  the  results  below: 


Percoldlioii  for  iwentij-finir  hmin^. 


Si'ct  ion . 

PoutkLs  per 
sqiuirc  foot. 

Inrln's. 

I  

:il.  S5() 

().  TOO 

II  

52.  mo 

10.  104 

Ill   

(1:5.  210 

12.  l.~)l 

I\'    

a").  !i,~)2 

12.(>78 

M.-:m  

54. 584 

10.408 

19  (JKOL.  r  r  2  1  7 
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Samples  of  soil  were  taken  from  two  different  i^laces  in  each  of  these 
sections  after  these  experiments  were  completed  and  after  drainage 
had  ceased.  In  each  case  a  full  column  of  the  lower  soil  was  taken 
with  a  4-inch  auger  and  put  into  a  box  and  mixed,  and  then  a  smaller 
sample  taken  from  these  and  the  water  content  determined,  giving  the 
results  in  the  table  which  follows : 


Water-liolding  ijower  of  soil. 


Section. 

Per  cent  of  water. 

Lower  soil. 

Surface 
sand. 

I  

11.48 
12.43 
10.32 
9.46 

3.  2.5 
3. 86 
4.51 

4.  25 

11  „  

Ill  

IV  

The  small  variation  in  the  percentage  of  water  in  these  samples  shows 
that  there  is  not  a  very  wide  difference  in  the  texture  of  tlie  soil  in  the 
different  sections.  The  high  percentage  in  No.  II  was  due  to  a  body  of 
red  clay,  which  seemed  to  lie  as  a  lump,  through  which  one  of  the 
borings  for  this  samj)le  was  made,  the  two  samples  containing  14.12 
per  cent  and  10.73  per  cent  of  water.  If  for  the  average^  12.43^  we 
substitute  10.73  i)er  cent,  which  without  doubt  is  much  nearer  the 
truth,  then  there  is  the  same  progression  shown  in  this  table  as  in  the 
table  of  i)er eolation. 

We  have  also  determined  the  effective  sizes  of  the  samples  of  soil  in 
these  several  sections,  and  find  them  to  be  as  stated  in  che  table  below : 


Effective  size  of  soil  [/rains. 


Section. 

Lower  soil. 

Surface 
sand. 

I  

Mm. 

0. 03380 
. 04144 
. 04084 
.  05261 

Mm. 
0. 28445 
. 28445 
. 28445 
. 28445 

II  

Ill  

IV    

After  the  percolation  through  this  pit  had  been  studied  in  seictions, 
then  water  was  thrown  over  its  whole  surface  and  held  at  nearly  a  con- 
stant level,  thus  enabling  the  rate  of  discharge  to  be  measured  by 
collecting  and  weighing  the  water.  An  autographic  rocking  meter 
was  constructed  to  use  in  this  experiment,  so  as  to  give  a  continu- 
ous record  through  a  long  iDeriod  of  time,  but  when  it  was  tested, 
after  completion,  it  was  found  that  the  vibrations  of  the  water  in  the 
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buckets  caused  them  to  empty  with  varying  amounts  of  water,  and  the 
use  of  the  meter  was  abandoned  as  not  being  sufficiently  exact.  The 
observed  variations  in  this  meter  were  found  to  be  as  great  as  1 
pound  in  07  pounds,  or  1.5  per  cent,  and  periodic  weighings  were  made 
instead. 

Tlie  maximum  rate  of  discharge  of  water  from  this  pit  when  the 
whole  surface  was  under  water,  was  found  to  be,  as  an  average  of  ten 
weighings,  58.01  pounds  in  four  minutes,  or  14.5025  pounds  per  minute. 

There  were  more  than  two  hundred  weighings,  giving  the  rate  of  dis- 
charge made  while  this  experiment  was  in  i)rogress,  but  the  ten  whose 
mean  is  given  above  is  taken  from  that  section  of  the  tables  where  the 
maximum  flow  had  been  observed.  The  water  was  kept  running  on 
this  surface  from  9  a.  m.  April  23  until  5.18  a.  m.  May  8. 

In  the  early  part  of  this  trial  the  rate  of  flow  was  13.875  pounds  per 
minute,  and  gradually  increased  until  its  higher  rate  stated  above  was 
attained,  which  was  very  near  the  close  of  the  trial. 

The  temperature  of  the  water  as  it  discharged  from  the  pit  varied 
from  11.20  C.  to  14.4°  C,  and  it  should  be  stated  that  very  close  to  3 
inches  of  water  was  maintained  above  the  surface  of  the  sand  while 
the  experiment  was  in  progress. 

The  mean  maximum  rate  of  percolation  from  the  whole  pit  i)er 
square  foot  in  twenty-four  hours  was  22.618  jiounds,  equal  to  4.348 
inches,  while  the  mean  minimum  was  21.6288  pounds,  equal  to  4.158 
inches  per  square  foot.  When  the  water  had  been  shut  off  from  the  pit, 
a  record  was  kept  of  the  rate  of  discharge  for  a  considerable  period,  in 
order  to  get  a  measure  of  the  rate  at  which  the  soil  would  give  u^)  the 
water  required  for  complete  saturation. 

It  has  been  stated  that  the  water  was  turned  off  May  8  at  5.18  a.  m., 
and  at  this  time  the  rate  of  discharge  was  the  maximum  amount  stated 
above,  or  14.5025  pounds  per  minute,  but  at  2.03  to  2.07  p.  m.  of  the 
same  day  it  had  fallen  to  12.8375  pounds  per  minute,  and  at  midnight 
on  the  same  day  it  was  only  10.1975  pounds  per  minute.  At  9.59  to 
10.03  a.  m.  May  9  the  rate  of  discharge  was  7.9  pounds  i)er  minute  and 
the  water  temperature  had  risen  to  14.9°  C. 

The  rates  of  discharge  on  other  dates  are  given  below : 

Pounds 
per  niiuute. 


May  9.  Midni^^ht   5.4625 

10.  9.02  to  9.06  a.  Ill   4.  5.S75 

11.  12.04  to  12.08  a.  m   3.  0125 

11.  9.29  to  9.33  p.  m   rtl.76 

12.  5.20  to  5.24  a.  lu   1.  1125 

12.  5.54  to  5.58  p.  in   1.  0375 

13.  5.10  to  5.1  I  :i.  Ill  825 

13.  4.26  to  5.2(;p.  Ill  6158 

15.  5..58  to  6.58  a.  in  1391 

15.  5.39  to  10.55  ]i.  iii  1.504 

16.  8.30  a.  in.  to  5  ]..  m    1203 


(I  \V:i  tir  tcm]M  rat  uri'  ;it  t  li  is  t  inn-  15.12^  C 
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Later  experiments  conducted  with  this  pit  showed  that  there  was  a 
large  leakage  through  its  bottom  or  sides,  so  that  the  rate  of  seepage 
as  measured  by  the  outflow  is  too  small  by  an  unknown  amount.  The 
figures  for  the  first  series  of  measurements  are  correct  for  those  condi- 
tions, because  the  water  was  measured  as  it  went  in.  This  rate,  how- 
ever, should  be  larger  than  what  would  have  been  observed  for  the 
whole  surface  at  once,  because  then  there  was  no  opportunity  for  the 
water  to  spread  laterally. 

The  computed  rate  of  seepage  deduced  from  the  formula  of  Slichter 
and  the  aspirator  diameter  is  0.001160  cubic  foot  per  square  foot  ])er 
minute  instead  of  0.000G072,  the  observed  amount.  These  amounts 
can  not  be  exj^ected  to  agree,  for  the  water  was  obliged  to  enter  the 
lines  of  tile  instead  of  being  permitted  to  escape  from  the  free  bottom, 
as  the  conditions  of  the  computed  flow  assume. 

PERCOLATION  OF  WATER  INTO  UNDISTURBED  FIELD  SOIL. 

In  this  experiment  an  eftbrt  was  made  to  measure  the  rate  of  flow  of 
water  through  a  soil  in  its  natural  undisturbed  condition  when  it  was 
forced  to  escape  from  a  vertical  cylindrical  cavity  under  a  constant 
pressure. 

The  conditions  of  the  experiment  were  secured  by  digging  a  well 
13.5  feet  in  depth  and  7  inches  iu  diameter,  reaching  from  the  surface 
to  standing  water  in  the  ground.  To  avoid  caving,  the  well  was  curbed 
up  with  5-inch  unglazed  drain  tile  in  1-foot  lengths,  standing  loosely 
one  upon  another.  The  well  was  bored  with  a  flat-bit  post  auger  pro- 
vided with  an  extension  handle.  As  the  tile  had  an  outside  diameter 
of  6.5  inches  a  space  of  about  one-fourth  inch  all  around  it  was  left 
at  the  start.  This  space,  however,  became  filled  very  soon  after  the 
experiment  began  with  sand  from  the  sides  of  the  wall,  which  settled 
in  upon  the  tile  when  the  ground  became  saturated  with  water. 

The  material  removed  from  that  cavity  was  saved  in  1-foot  sections 
and  an  exauiination  of  it  made  with  the  aspirator,  and  the  results  are 
given  in  the  table  on  page  212. 

In  controlling  and  measuring  the  water  admitted  to  this  well  there 
was  used  a  cylindrical  galvanized  iron  tank  5  feet  high,  holding  600 
pounds  of  water  and  i)rovided  with  a  cock  and  water  gage  to  read  by 
100  pounds.  Water  was  brought  to  this  reservoir  through  a  3-inch 
pipe  provided  with  a  gate,  which  permitted  the  reservoir  to  be  filled 
in  a  short  time. 

In  carrying  out  the  experiment  the  tank  was  first  filled,  and  then  the 
cock  was  opened  until  it  would  supply  water  enough  to  maintain  the 
level  of  the  water  in  the  well  at  7  inches  below  the  top  of  the  ground. 
As  the  head  lowered  in  the  tank  the  cock  was  opened  wider  to  give  the 
needed  supply  of  water,  or  it  was  shut  off  again  if  the  water  in  the  well 
was  seen  to  rise.  The  water  level  in  the  well  was  thus  subject  to  small 
irregular  variations,  amounting  at  times  to  as  much  as  1  inch,  but  ordi- 
narily not  exceeding  one-fourth  of  this  amount. 
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When  the  tank  beoaiue  empty,  tbe  cock  was  closed  and  the  gate  to 
tbe  snpply  pipe  opened,  filling  tbe  tank  as  quickly  as  possible  again. 
Witb  tbe  tank  full  tbe  cock  was  opened,  at  first  wide,  to  bring  tbe 
water  in  tbe  well  (quickly  back  to  tbe  fixed  level  and  tben  regulated 
again  to  maintain  it  Ibere. 

In  tbe  table  wbicb  follows  are  given  tbe  records  of  tbe  flow  of  water 
into  tliis  well.  Wben  tbe  water  was  first  admitted  to  tbe  well  tbe  cock 
in  tbe  tank  bad  not  capacity  enougb  to  maintain  tbe  water  at  tbe  sur- 
face, altbougb  it  delivered  water  at  tbe  rate  of  25  pounds  per  miimte. 
Tbis  condition  did  not  last  long,  and  was  sliortened  by  tbe  fact  tbat  tbe 
sand  soon  settled  in  around  tbe  tile,  and  tbus  reduced  tbe  diameter 
of  tbe  well  from  7  incbes  to  G.5  incbes.  It  is  barely  possible  also  tbat 
wben  tbe  sand  became  packed  close  about  tbe  tile  tbe  discbarge  of 
water  tbrougb  tbe  open  end,  tbrougb  joints  between  tbe  tile,  and 
tbrougb  tbe  i)ores  of  tbe  tile  was  not  quite  rapid  enougb  to  deliver  tbe 
water  to  tbe  soil  as  rapidly  as  it  migbt  liave  been  able  to  lead  it  away. 
It  bardly  seems  possible,  bowever,  tbat  tbe  retardation  to  discbarge 
due  to  tbis  cause  was  large. 


Bate  of  flow  of  water  out  of  a  well. 


Starting 
time. 

Closing  time. 

Total  num- 
ber of 
seconds. 

Amount  of 
flow. 

Tim( 
IQO  pounds. 

)  for — 
400  pounds. 

A.M. 

'A.  M. 

.  Pouvds. 

Seconds. 

Seconds. 

7.  30.  00 

7.  47.  00 

1,020 

400 

1,020 

7.  49.  30 

8.  05.  20 

1,010 

400 

1,010 

8. 06.  30 

8.  24. 50 

1, 100 

400 

1, 100 

8. 26. 10 

8.  44.  30 

1, 100 

40p 

1,  100 

8. 45.  44 

9. 06.  35 

1,251 

400 

1,251 

9.  07.  50 

9.  30. 10 

1,340 

400 

1,340 

9.31.40 

9. 56. 10 

1,470 

400 

1,  470 

9.  58.  30 

10. 28.  35 

1,  805 

400 

1,805 

10.  30.00 

11.04.20 

2,  060 

400 

2,  060 

11.05.40 

11.48.41 

2,580 

400 

2,  580 

P.  M. 

11.50.  20 

12.41.20 

3,  240 

400 

3,  240 

P.  M. 

12.  45. 50 

12.  .59.  00 

790 

100 

790 

12.  ,59.  00 

I.  12.  45 

825 

100 

825 

1.  12.  45 

1.  25.  20 

755 

100 

755 

1.25.20 

1..37..50 

750 

100 

750 

3, 120 

1.39. 10 

1.  51.  15 

725 

100 

725 

1.51.  15 

2.  04.  00 

765 

100 

765 

2.  04.  00 

2.  17.  .50 

830 

100 

830 

2.  17.  .50 

2.31.55 

845 

100 

845 

3,  1(>5 

2.  33. 20 

2. 46. 45 

805 

ICO 

805 
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Bate  of  flow  of  water  out  of  a  well — Contiuued. 


Sf  i^  T'tl  Tl  O" 

KJVtXL  Llll^ 

time. 

Closing  time. 

Total  num- 
ber of 
seconds. 

A.mount  of 
flow. 

Time 

inn  T^i^nn/la 
±\J\J  ^UllliU-o. 

for — 

400  pounds. 

P.  M. 

P.  If. 

Pormds. 

Seconds. 

Seconds. 

2. 46.  45 

3.  01.  05 

860 

100 

860 

3.  01. 05 

3. 15.  25 

860 

100 

860 

3. 15.  25 

3.  31.  35 

970 

100 

970 

3,  495 

3.  32.  50 

3.  52.  00 

1, 150 

100 

1, 150 

3. 52.  00 

4.  09. 10 

1,  030 

100 

1,  030 

4.  09. 10 

4.  29.  55 

1,  245 

100 

1,  245 

4.  29.  55 

4.  53.  36 

1,415 

100 

1,  415 

4,  840 

4. 55. 00 

5.  23. 50 

1,  730 

100 

1,  730 

5.  23.  50 

5.  52.  30 

1,  720 

100 

1,  720 

.... 

5. 52.  30 

6.  20.  00 

1,650 

100 

1,  650 

6. 20.  00 

6.42.  30 

1,  350 

100 

1,  350 

6,  450 

6.  44. 10 

7.  07.  20 

1,  390 

100 

1,  390 

7.  07.  20 

7.  38.  55 

1,  895 

100 

1,  895 

7.  38. 55 

8.  08.  45 

1,  790 

100 

1,790 

8.  08.  45 

8.  37. 50 

1,  745 

100 

1,  745 

6,  820 

8.  39.  20 

9.  09.  05 

1,  785 

100 

1,  785 

9.  09.  30 

9.  54.  00 

2,  670 

100 

a  2,  670 

9.  54.  00 

10.  37.  00 

2,  580 

100 

2,  580 

10.  37. 00 

11.  22.  00 

2,  700 

100 

2,  700 

9,  735 

A.  If. 

11.  25.  00 

12. 10.  00 

2,  700 

100 

2,  700 

A.  M. 

12. 10.  00 

12.58.00 

2,  880 

100 

2,  880 

12.  58.  00 

1. 48. 30 

3,  030 

100 

3,  030 

1. 48.  30 

2.41.00 

3,]  50 

100 

3, 150 

11,  760 

2.  44.  00 

3.  36.  00 

3, 120 

100 

3, 120 

3.  40.  00 

6.  42.  25 

10,  955 

300 

3,  648 

14,  065 

6.  42.  25 

7.  38.  55 

3,  395 

100 

3,  395 

7.  40.  45 

8.  40. 10 

3,  565 

100 

3,  565 

8.  40. 10 

9.  40.  05 

3,  595 

100 

3,  595 

14,  090 

y.  44:.  UO 

1  A    1 O  AA 

lU.  4o.  UU 

6,  oo5 

1  AA 

100 

Q  KQK 

O,  Ooo 

10.  43.  00 

11.48.  20 

3,  920 

100 

3,  920 

p.  M. 

11.  49.  05 

12.  51. 10 

3,  725 

100 

3,  725 

P.  M. 

12.  51. 10 

1.  56.  20 

3,  910 

100 

3,  910 

15,  395 

1.56. 20 

2.  59.  30 

3,  790 

100 

3,  790 

2. 59.  30 

4.  04.  30 

3,  900 

100 

3,900 

a  Time  too  long  on  account  of  delay  by  shutting  olf. 
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It  will  be  observed  from  the  data  of  tliis  table  that  during  the  inter- 
val from  7.30  a.  m.  until  4.04.30  p.  m.  the  next  day  the  discharge  from 
the  well  had  decreased  from  255  seconds  per  100  pounds  of  water  to 
3,900  seconds  for  the  same  amount,  or  a  rate  only  about  one-fifteenth 
as  fast. 

During  this  interval  of  time  there  had  been  put  into  the  well,  between 
7.30  a.  m.  October  14  and  4.04.30  p.  m.  October  15,  8,900  pounds  of 
water^  equal  to  142  cubic  feet.    At  this  time  the  section  of  ground 


SURFACE    OF  GROUND 


Tio.  47. — Diagram  sLowiuij  contour  of  grouud-watcr  surface  i)roclucecl  by  water  percolating  into  soil 

about  a  "svell. 


entirely  filled  with  water  is  represented  in  fig.  47,  where  the  curve 
marked  October  15  shows  approximately  the  water  surface  as  revealed 
by  boring  down  until  standing  water  was  reached. 

On  October  IG  the  experiment  was  continued  from  8.25  a.  m.  until 
5.45.10  p.  m.,  and  the  flow  out  of  the  Avell  liad  decreased  from  400 
l)0unds  in  4,l!f>5  seconds  at  9.4.')  n.  m.  to  400  pounds  in  10,740  seconds. 
On  October  17  water  was  again  run  into  tlie  well,  and  at  4.19.25  ]).  m. 
the  section  of  ground  completely  filled  with  water  had  the  form  shown 
in  fig.  47  by  the  curve  marked  October  1  7. 
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During  the  four  days  there  were  put  into  this  well  12,480  pounds,  or 
200  cubic  feet,  of  water,  the  total  time  during  which  water  was  being 
delivered  to  the  well  being  185,405  seconds.  The  water  used  in  this 
experiment  was  pumped  from  Lake  Mendota  and  was  clear  except  so 
far  as  it  contained  microorganisms.  How  far  these  may  have  been 
instrumental  in  decreasing  the  discharge  by  clogging  the  pores  of  the 
soil  or  tile  it  is  not  possible  to  say. 

This  amount  of  water,  when  exx^ressed  in  flow  per  square  foot  per 
minute,  is  0.003379  cubic  foot.  The  computed  flow  for  soil  grains  having 
the  mean  diameter  of  the  fourth  to  the  eleventh  foot,  inclusive,  and  the 
mean  pore  space,  for  a  gradient  of  1  in  10,  would  be  0.001826  cubic  feet 
per  minute. 

Since  the  ground-water  level  was  only  raised  about  3  inches  at  a  dis- 
tance of  4  feet  radius  from  the  well,  the  water  must  have  spread  away 
in  .all  directions  over  quite  long  distances  in  order  to  have  accommo- 
dated the  200  cubic  feet  which  had  been  introduced. 


RATE  OF  LATERAL  FLOW  OF  WATER  THROUGH  SANDS. 

To  study  this  problem  there  was  constructed  a  galvanized  iron  tank, 
represented  in  fig.  48  at  A,  B,  C,  D.  It  has  a  length  of  14.5  feet  and 
is  4  feet  deep  and  1  foot  wide.    It  is  filled  with  a  mixed  sand,  from 


Fig.  48.— Apparatus  for  measuring  the  lateral  flow  of  water  througli  sand  and  the  lines  of  pressure. 
A,  front  elevations  of  tank,  with  a,  b,  c,  d,  faucets  from  drain  tile,  and  1 ,  2,  3  ....  15,  pressure 
gages;  B,  B,  A-ertical  sections  lengthwise,  with  1,  2,  3,  4,  tile  and  faucets,  and  5,  supply  tile  at  end;  C, 
cross  section,  with  1,  2,  tile;  D,  section  at  1  in  B,  showing  connection  of  faucet  with  tile. 

which  were  sorted  the  ten  grades  used  in  studying  the  effect  of  the 
diameter  of  soil  grains  upon  the  rate  of  flow  of  water  through  it. 
When  the  efl'ective  diameter  of  the  grains  of  this  mixture  was  deter- 
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mined  ^vitli  the  aspirator,. it  was  found  to  be  0.2881  mm.,  and  this  was 
associated  with  a  pore  space  of  31.11  i)er  cent,  much  smaller,  it  will  be 
observed,  than  was  found  for  any  of  the  separate  grades. 

Sand  was  placed  in  the  tank  to  a  depth  a  little  below  IJc  in  A,  and 
in  this  was  set  four  3-inch  drain  tile,  shown  in  section  at  1,  2,  3,  4  in 
B,  C,  D.  The  tile  were  just  long  enough  to  reach  across  the  tank,  so 
that  the  walls  of  the  tank  closed  their  ends.  They  were  tilled  with 
coarse  sand  and  gravel,  and  their  walls  were  perforated  with  several 
holes  in  order  to  permit  easy,  rapid  entrance  of  the  water.  In  order 
to  prevent  the  fine  sand  from  filling  into  the  tile,  the  oiienings  were 
covered  with  the  fiber  from  coarse  manila  rope. 

The  faucets  «,  c,  d  in  A  opened  directly  into  the  tile  by  means  of  a 
bent  union,  thus  permitting  the  water  to  flow  out  freely.  There  were 
15  pressure  gages  i)laced  in  one  side  of  the  tank,  opening  at  the  bottom 
and  1  foot  apart  from  center  to  center.  The  lower  end  of  each  is  cov- 
ered with  a  shield  of  metal  soldered  to  the  tank  on  three  sides  so  as  to 
be  water-tight,  but  the  lower  edge  of  the  shield  simply  rests  uj^on  the 
bottom  of  the  tank  without  being  water-tight.  In  this  way  sand  is  pre- 
vented from  rising  into  the  gage  glasses,  and  the  bottom  pressure  is 
recorded  by  them  at  their  respective  stations. 

At  B  in  one  end  of  the  tank  three  vertical  lines  of  3-inch  drain  tile 
are  set  and  left  empty,  with  a  view  to  giving  the  water  unobstructed 
access  to  the  whole  end  section  of  the  soil,  through  which  it  was  to  move 
laterally. 

In  conducting  the  experiment  water  was  admitted  to  the  columns 
of  tile  and  held  at  a  constant  level  by  means  of  an  overflow,  shown  in 
the  drawing  A  between  14,  15;  then  the  three-fourths  inch  stopcock 
at  a.  h,  Cj  or  d  was  opened,  and  the  water  discharging  was  collected  and 
weighed  at  the  end  of  stated  intervals  of  time. 

To  read  the  levels  of  the  water  in  the  pressure  gages,  two  engineer's 
target  rods  carrying  verniers  reading  to  thousandths  of  a  foot  were  set 
rigidly  at  opposite  ends  of  the  tank,  with  their  feet  on  the  same  level, 
the  targets  being  left  fiee  to  slide  up  or  down  on  their  respective  rods. 
Across  the  horizontal  lines  of  each  target  was  fixed  a  fine  wire,  and  to 
the  center  of  these  wires  was  secured  a  fine  thread,  which  could  be 
stretched  so  as  to  give  a  horizontal  line  passing  the  front  of  every  gage 
and  nearly  in  contact  with  their  faces.  In  taking  the  reading  of  any 
gage  the  targets  were  adjusted  until  each  gave  the  same  reading  and 
the  string  was  on  the  level  of  the  lower  face  of  the  meniscus  in  the 
gage  where  the  water  ])ressure  was  to  be  measured.  The  gage  tubes 
were  as  large  as  ('(mid  be  used  in  three  fourths-inch  steam-gage  fittings, 
and  ]\:n\  an  inside  diameter  varying  from  a  little  one  side  or  the  other 
of  ().4.">  ol  an  inch.  No  allowance  has  been  made  in  these  measurements 
for  capillarity. 

In  tlie  first  exi)erinieiit  stojKtock  h  was  oi)ened  and  the  water  was 
allowed  to  discharge  from  it  until  the  gage  readings  had  become  con- 
stant and  the  water  was  discharging  at  a  unilbrni  rate.    At  this  time 
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the  water  was  discharging  at  a  mean  rate  of  20  pounds  in  799.8  seconds, 
or  1  pound  in  39.99  seconds. 

Eef erring  the  gage  readings  to  the  level  of  the  overflow  in  the  tank, 
the  pressures  in  the  several  gages  at  the  time  the  rate  of  flow  was  as 
stated  above  were  as  given  below : 

Table  shoiving  pressure  at  Z>o^fom  of  tank  at  different  distances  from  outlet. 


Gage  l^'o. 

Pressure. 

Gage  No. 

Pressure. 

Feet. 

Feet. 

1 

1.215 

9 

0.  630 

2 

1. 171 

10 

.566 

3 

1. 100 

11 

.461 

4 

1.  026 

12 

.395 

5 

.956 

13 

.332 

6 

.878 

14 

.280 

7 

.786 

15 

.251 

8 

.716 

Gage  1  is  so  placed  as  to  measure  the  pressure  directly  at  the  out- 
let by  having  its  opening  immediately  beneath  the  tile  into  which  the 
discharge  is  taking  place.  The  outlet  of  the  tile  was  1.587  foot  below 
the  overflow,  and  hence  the  gage  level  was 

1.587-1.215  =  0.372  foot 
above  the  outlet.  At  the  same  time  also  the  water  level  in  gage  15 
was  0.257  foot  below  the  water  surface  in  the  tank  directly  above  its 
mouth.  The  difference  for  gage  1  shows  for  gage  1  a  resistance  to  dis- 
charge into  the  tile,  and  for  gage  15  a  flow  along  tlie  bottom  toward  the 
outlet. 

In  the  next  experiment  the  stopcock  h  Avas  closed  and  a  opened, 
allowing  the  discharge  to  take  place  at  a  lower  level  and  under  a 
greater  pressure,  a  being  3.39  feet  below  the  overflow. 

The  discharge  from  the  lower  level  was  begun  at  10.47,  with  the 
pressure  in  all  gages  the  same,  and  at  12  to  12.20  the  rate  of  discharge 
was  62.75  pounds  in  twenty  minutes,  with  the  gages  still  falling;  from 
12.25  to  12.45  the  flow  was  59.75  pounds;  from  1.11  to  1.31  the  flow  was 
57.25  pounds.  The  gages  had  become  stationary  at  1.35,  with  a  flow 
at  this  time  of  56.50  pounds  in  twenty  minutes.  From  this  time  on 
until  the  next  morning  the  apparatus  was  allowed  to  discharge  con- 
tinuously, and  at  7.33  to  7.53  the  flow  was  55.30  pounds  in  twenty  min- 
utes, which  is  23.387  seconds  for  1  pound,  the  temperature  of  the  water 
being  25.4°  G.  At  this  time  the  water  in  the  supply  tank  had  become 
exhausted  and  the  tank  required  to  be  refilled.  The  water  used  was 
colder,  and  this  modified  the  rate  of  discharge  so  that  it  went  forward 
at  a  decreasing  rate  as  the  warm  water  in  the  sand  was  gradually  dis- 
placed by  the  colder.  In  the  table  which  follows  the  amounts  of  flow 
in  successive  twenty  minutes  are  given,  together  with  the  temperature 
of  the  water  at  the  inlet  and  outlet : 
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Table  showing  rate  of  seejyage  of  water  into  1  foot  of  drain  tile  through  coarse  sand  from 

one  side. 


Min- 
utes. 

!Flow. 

Temperature. 

Inlet. 

Outlet. 

Pounds. 

o  G. 

°  C. 

200 

49. 15 

19.  00 

22.20 

220 

49.  00 

19.  00 

22. 10 

240 

47.  90 

19. 10 

22. 10 

260 

48.  65 

19. 10 

22. 10 

280 

48. 50 

19. 15 

22.00 

300 

48.  55 

19.00 

2L95 

320 

48.  60 

19. 30 

21.90 

340 

48.  50 

19.  30 

21.90 

360 

48. 50 

19.40 

21.90 

Min- 
utes. 


20 
40 
60 
80 
100 
120 
140 
160 
180 


Flow. 


Temperature. 


Inlet. 


Outlet. 


Pounds. 
55.  30 
53. 15 
50.  05 
47.  40 
52.10 
48.30 

47.  90 

48.  90 
48.90 


o  a 


o  c. 


18.4 


22.  8 


18.  55 

22.6 

18.60 

22.3 

18.80 

22.5 

18  90 

22.  4 

19.00 

22.3 

At  10.42  to  11.30,  when  the  rate  of  discharge  averaged  48.68  pounds 
in  twenty  minutes,  the  level  of  the  water  in  the  pressure  gages  stood 
as  follows : 

Table  showing  pressure  along  bottom  of  tank  at  different,  distances  from  the  outlet. 


Gage  No. 

Pressure. 

Gage  No. 

Pressure. 

Feet. 

Feet. 

1 

3.203 

9 

1.264 

2 

2.  746 

10 

1. 107 

3 

2.411 

11 

.932 

4 

2.187 

12 

.804 

5 

1.990 

13 

.684 

6 

1.806 

14 

.594 

7 

1.  600 

15 

.541 

8 

1.446 

These  numbers  are  plotted  on  the  gages  in  fig.  48,  A,  and  are  con- 
nected by  the  line  ef. 

As  the  outlet  in  this  experiment  was  3.39  feet  below  the  overflow, 
the  water  in  pressure  gage  1  stood  3.390  —  3.203  =  0.187  foot  higher 
than  the  outlet,  showing  a  resistance  to  discharge  here  equal  to  that 
amount.  At  the  opposite  end  of  the  apparatus  gage  15  registered  a 
pressure  of  0.541  foot  below  the  overflow,  and  tin's  shows  a  diminished 
head  at  this  point  of  that  amount,  due  to  How  toward  the  tile. 

In  the  third  experiment  with  this  apparatus  the  stopcock  was  closed 
and  water  was  admitted  until  the  gages  became  filled  to  the  same  level 
and  water  covered  the  whole  surface  of  the  sand  in  the  tank  to  a 
de])th  of  about  1  inch.  This  necessitated  closing  the  overflow  and 
rcgnlating  the  level  of  the  water  in  the  tank  by  opening  and  closing 
the  supply  stopcock. 

With  the  su])ply  regulated  so  as  to  hold  the  surface  of  the  sand 
under  water,  stopcock  c  was  opened  wide  and  the  discharge  during 
intervals  of  five  minutes  was  measured  by  w(M*ghing,    The  How  was 
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started  at  2,55,  with  a  discbarge  diiriug  the  first  five  minutes  of  36.50 
pounds,  where  the  water  temperature  at  the  inlet  Avas  19.3°  C.  and  at 
the  outlet  20.7°  0.  Succeeding  five-minute  discharges  were  as  follows: 
37.50  i)ounds,  37.30  i^ounds,  37.65  i)ounds,  38  pounds,  37.80  pounds,  and 
37.85  pounds,  closing  at  5.35. 

Between  3.35  and  4.15,  when  the  gage  levels  had  become  stationary, 
these  levels  were  measured  with  the  results  Avhich  are  given  below: 

Table  slioiinng  pressure  along  dottom  of  tank  at  different  distances  from  outlet. 


Gage  No. 

Pressure. 

Gage  No. 

Pressure. 

Feet. 

Feet. 

1 

0.  18G 

9 

0.  895 

2 

.  195 

10 

.527 

3 

.239 

11 

.312 

4 

.293 

12 

.210 

5 

.405 

13 

.141 

6 

.569 

14 

.091 

1 

.942 

15 

.082 

8 

1.587 

These  readings  are  plotted  on  the  gages  in  fig.  48,  A,  and  the  line  g  ij 
drawn  through  them.  In  this  case  the  rate  of  discharge  was  1  jDound 
in  7.976  seconds.  The  curve  shows  a  very  pronounced  pressure  above 
the  outlet  and  also  that  the  pressures  are  less  from  the  gages  1  to  8 
than  they  are  from  8  to  15.  This  is  due,  in  part  at  least,  to  the  fact 
that  water  can  enter  through  the  end  tiles  directly  to  the  bottom  of  the 
tank  and  begin  its  lateral  tiow  with  no  vertical  resistance.  The  Avater 
was  again  alloAved  to  come  to  a  level  iu  the  pressure  gages  by  shutting 
the  stopcock  c,  and  at  4.25  the  stopcock  a  Avas  opened,  but  the  surface 
of  the  sand  was  kept  covered  Avith  Abater,  as  in  the  former  case.  Under 
these  conditions,  with  the  water  entering  at  a  temperature  19.6o  C.  and 
discharguig  at  22.4°  0.  at  the  rate  of  36.50  pounds  during  the  first  five 
minutes,  Aveighings  were  made  by  five-minute  intervals  with  the  results 
below: 

Table  showing  rate  of  seepage  of  ivater  into  1  foot  of  drain  tile  through  coarse  sand  from 

both  sides. 


First. 

Second. 

Third. 

Fourth. 

Pounds. 

36.  50 

Pounds. 
35.  65 

Poxinds. 

35.  65 

Pounds. 

Fifth.  Sixth. 

Seventh. 

Eighth. 

Pounds. 
34.  90 

Pounds. 

33.50 

Pounds. 

Pounds. 

33.  50 

Mnth. 

Tenth. 

Eleventh. 

Twelfth. 

Pounds. 
33. 00 

Pounds. 
33.  50 

Pounds. 
32.  65 

Pounds. 
33.  80 
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At  the  end  of  these  weighings  the  gage  readings  had  become  sta- 
tionary, and  were  as  given  in  the  table  below: 

Table  sliowing  pressure  along  bottom  of  tank  at  different  distances  form  outlet. 


Gago  No. 

Pressure. 

Gage  No. 

Pressure. 

Feet. 

Feet. 

1 

2.765 

9 

0. 100 

2 

1.667 

10 

.067 

3 

1.032 

11 

.023 

4 

.685 

12 

.008 

5 

.492 

13 

-j-  .017 

6 

339 

14 

+  .018 

7 

.213 

15 

+  .020 

8 

.153 

These  results  are  plotted  on  the  gage  tubes  in  fig.  48,  A,  and  the  curve 
hg  has  been  drawn  through  them.  It  will  be  seen  in  this  case  where  all 
water  had  to  approach  the  outlet  from  one  side  instead  of  two  sides  as 
in  the  last  case,  the  outlet  gage  shows  a  much  lower  reading.  The  rate 
of  discharge  under  these  conditions  averaged  1  i^ound  in  9.002  seconds. 

If  we  group  the  discharges  in  these  four  experiments  and  express 
them  in  cubic  feet  for  twenty-four  hours  we  shall  have  the  results  given 
below : 


Experi- 
ineut. 

Surface  of  saud  not  covered  with 
water. 

Exi)eri- 
lueiit. 

Surface  of  sand  covered  with  water. 

1 

2 

59. 17  cubic  feet  per  24  hours. 
72.  36  cubic  leet  per  24  hours. 

3 
4 

173. 5  cubic  feet  per  24  hours. 
153.  8  cubic  feet  per  24  hours. 
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OBSERVED  REDUCTION  OF  GROUND-WATER  PRESSURE. 

After  these  experiments  were  made  and  the  important  questions 
involved  in  the  suits  which  have  been  referred  to  in  connection  with 
the  Crystal  Springs  Land  and  Water  Comx)any  and  the  West  Los 
Angeles  Water  Gom.i^any  were  understood,  there  were  introduced  into 
this  reservoir  three  other  sets  of  pressure  gages,  one  set  of  15  to  show 
the  pressure  at  the  3-foot  level,  15  others  to  show  the  x)ressure  at  the 
2-foot  level,  and  still  another  set  of  15  at  the  1-foot  level.  With  this 
arrangement  it  became  possible  not  only  to  know  what  the  conditions 
of  pressure  were  at  60  different  jDoints  in  the  sand  while  the  water  was 
running,  but  also  to  ascertain  just  where  the  level  of  the  ground  water 
was  at  any  particular  time  and  condition. 

This  is  an  important  matter  to  have  settled  and  the  apparatus 
demonstrates  the  principle  in  a  conclusive  manner. 

The  reservoir  was  filled  with  water  so  that  the  sand  was  barely  cov- 
ered and  the  overflow  was  arranged  so  as  to  maintain  a  constant  level 
of  the  water  at  this  horizon ;  the  stopcock  c  was  opened  and  the  water 
was  allowed  to  discharge  until  the  flow  became  constant  and  the  level 
of  the  water  in  the  CO  gages  had  become  stationary.  At  this  point 
the  levels  of  all  the  gages  were  read,  with  the  results  which  are  given 
in  the  table  and  which  are  shown  graphically  in  fig.  49. 

Table  shotving  the  distribution  of  pressure  in  a  section  of  sand  lolien  water  is  discharging 
from  near  the  center  at  the  bottom,  the  ivater  being  maintained  over  the  lohole  surface. 

[The  surface  of  water  iu  the  reservoir  is  zero,] 


Gage  numbers. 

Gage  readings. 

Level  1. 

Level  2. 

Level  3. 

Level  3.5. 

1  

0. 151 

0.  375 

0.  480 

0.518 

2 

.168 

.405 

.515 

.560 

3  

.203 

.476 

.625 

.662 

4  

.195 

.508 

.  745 

.805 

5  

.125 

.729 

.968 

1. 225 

6  

.438 

.970 

1.295 

L  355 

7  

.526 

1.275 

1.  775 

1.970 

8  

.590 

1. 432 

2,  300 

3.010 

9  

.532 

1.290 

L  830 

1.845 

10  

.428 

1.140 

1.275 

1.275 

11  

.285 

.720 

.905 

.918 

12  

.190 

.532 

.682 

.700 

13  

.090 

.366 

.523 

.533 

14  

.092 

.320 

.435 

.440 

15  

.085 

.270 

.375 

.385 

It  is  to  be  understood  that  the  vertical  lines  in  fig.  49  represent  the 
positions  of  the  pressure  gages  and  that  pressure  gages  were  inserted 
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where  tlie  liorizontal  lines  cross 
the  vertical  lines.  Tlie  centers 
of  the  circles  occupy  the  exact 
level  of  the  meniscus  in  the  sev- 
eral gages  and  the  lines  drawn 
through  these  circles  show  the 
variations  of  water  pressure  at 
intervening  i^oints  between  the 
several  gages  on  the  levels  at 
which  they  are  inserted. 

The  new  gages  which  were  in- 
serted had  to  be  set  0.1  foot  to 
one  side  of  the  original  gages,  as 
shown  by  the  i^osition  of  the  cir- 
cles. Curve  I  shows  the  varia- 
tions of  pressure  at  the  distance 
of  1  foot  below  the  level  of  the 
surface  of  the  water  above  the 
sand.  Curves  II,  III,  and  IV 
show  the  same  relations  for  the 
lines  2  feet,  3  feet,  and  3.5  feet 
below  the  level  of  the  water  over 
the  sand.  The  gages  inserted 
along  the  3.o-foot  line  have  been 
described;  those  situated  at  the 
higher  levels  consisted  of  three- 
sixteenth-inch  brass  tubes  each 
provided  with  a  conical  point 
made  of  fine  Avire  gauze  soldered 
to  one  end.  Tlie  screen  ends  of 
these  gages  were  thrust  tlirough 
the  wall  of  the  reservoir  and  sol- 
dered to  it  water-tight,  while  to 
the  outer  ends  were  connected, 
by  means  of  rubber,  glass  tubes 
in  which  the  pressure  was  ob- 
served. 

It  will  be  seen  from  this  ar- 
rangement that  each  pressure 
gage  really  represents  a  well  sunk 
to  a  certain  depth  below  the 
ground-water  surface  and  at  a 
certain  distance  irom  the  loca- 
tion of  an  infiltration  pipe;  and 
it  is  this  arrangement  to  which 
Trofessor  Slichter  refers  in  his 
]>a])er,  Chai)ter  TV,  section  4, 
l);ige  354. 
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It  is  evident  enougli  that  were 
it  possible  to  place  a  line  of  infil- 
tration pipes  in  such  a  relation 
to  a  system  of  wells  as  is  here 
represented,  the  water  in  the 
wells  would  begin  to  fall  with  the 
beginning  of  flow  from  the  infil- 
tration pipes  and  they  would  con- 
tinue to  do  so  until  anew  surface 
of  equilibrium  had  been  estab- 
lished at  some  lower  level.  It  is 
very  rare,  however,  that  condi- 
tions exist  which  make  this  type 
of  well  interference  at  all  marked, 
and  it  is  the  writer's  judgment 
that  too  much  importance  has 
been  assigned  to  it  in  the  para- 
graph referred  to. 

The  serious  cases  of  well  inter- 
ference and  natural  subirrigation 
interference  come  from  an  actual 
lowering  of  the  ground  water  by 
the  withdrawal  of  it  from  the  soil 
or  sand. 

The  correctness  of  this  view 
was  established  by  a  fifth  series 
of  measurements  with  the  reser- 
voir in  question  after  the  new 
gages  had  been  added. 

The  reservoir  was  filled  with 
water  to  the  level  of  the  surface 
of  the  sand,  and  then  the  stop- 
cock a  was  opened  and  the  water 
allowed  to  discharge  freely; 
while  a  dam  was  fixed  between 
14  and  15,  fig.  50,  to  prevent  tlie 
water  from  spreading  over  the 
surface,  and  then  the  supply  was 
turned  on  so  as  to  maintain,  with 
the  aid  of  the  overflow,  a  con- 
stant level  of  water  behind  the 
dam.  After  the  drainage  had 
continued  until  an  equilibrium 
was  reached  it  was  found  that 
the  surface  of  the  ground  water 
did  practically  coincide  with  the 
height  of  the  water  in  the  pres- 
sure gages,  giving  the  condition 
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of  tbiugs  represented  graphically  in  fig.  50,  which,  it  will  be  seen,  is 
radically  dift'erent  from  what  was  found  in  the  last  experiment,  fig.  49, 
where  the  surface  of  the  area  was  continually  kept  covered  with 
water. 

If  it  were  not  true  that  all  water  capable  of  exerting  pressure  had 
been  drawn  down  to  the  level  of  the  curve  shown  by  the  line  in  the 
diagram  it  would  have  stood  in  the  gages  in  which  no  pressure  was 
shown.  The  observed  heights  of  the  pressure  gages  are  given  in  the 
table  below : 

Table  showing  the  level  of  the  ground-water  surface  and  the  xjressure  at  different  levels 
n  iien  water  is  discharging  at  one  j^oint  and  entering  at  another. 


Level. 

Gage  numbers  and  readings. 

1. 

2. 

3. 

4. 

5. 

1  

9 

3  

3.5  

0 
0 
0 

3.  344 

0 
0 

2.  940 
2.950 

0 

0 

2.658 
2.637 

0 
0 

2.418 
2.410 

0 
0 

2. 188 
2. 190 

Level. 

Gage  numbers  and  readings. 

6. 

1 

7. 

8. 

9. 

10. 

1  

2 

3  

3.5  

0 

1.962 
1.  968 
2. 000 

0 

1.765 
1.788 
1.  776 

0 

1. 578 
1.613 
1.618 

0 

1.410 
1.425 
1.410 

0. 

1. 215 
1.  246 
1.231  ^ 

Level. 

Gage  numbers  and  readings. 

11. 

12. 

13. 

14. 

15. 

1  

2 

3  



0 

1.070 
1.082 
1.078 

0.  870 
.  957 
.952 
.Ii59 

0.  665 
.766 
.830 
.827 

0.455 
.660 
.732 
.750 

0.  294 
.  565 
.672 
.690 

It  is  clear  from  these  gage  readings  that  in  the  region  of  gage  1  the 
level  of  the  ground-water  surface  had  fallen  below  all  of  the  gage  open- 
ings except  that  of  3.5,  which  is  below  the  level  of  the  outlet.  Even  at 
gages  7  to  11,  inclusive,  where  the  level  of  the  ground  water  is  above 
the  1'  loot  level,  there  is  very  little  diflereuce  shown  by  the  gages,  the 
readings  being  almost  as  close  as  they  can  be  read.  When  gage  12  is 
pass(Ml,  however,  the  readings  begin  to  show  a  departure,  but  this  is  due 
to  the  fact  that  new  sui)plies  of  water  are  (continually  being  added  at 
the  surface,  the  case  here  becoming  lii<e  tliatof  tiie  i)receding  experiment. 
19  GEOL,  TT  2  18 
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It  apijears  clear,  therefore,  from  these  experiments  that  the  lowering 
of  the  water  pressure  iu  the  sands  in  the  last  series  of  trials  is  due 
chiefly  to  the  fact  that  the  water  has  actually  been  withdrawn  from  the 
sand  rather  than  to  the  fact  that  it  is  in  motion  toward  the  outlet. 
Were  the  lowering  of  the  pressure  shown  by  the  gages  due  chiefly  to 
the  fact  that  the  water  is  not  in  a  statical  condition,  the  gages  should 
respond  much  more  quickly  than  they  are  observed  to  do,  and  they 
should  come  into  a  condition  of  equilibrium  in  a  far  shorter  time  than 
they  are  observed  to  do. 

It  was  shown  in  the  second  experiment  made  with  the  apparatus 
when  the  water  was  started  to  flowing  at  10.47  a.  m.  that  the  gages  had 
only  reached  a  condition  of  equilibrium  at  1.11  p.  m.,  after  the  lapse  of 
two  hours  and  fourteen  minutes.  This  is  ample  time  for  the  necessary 
loss  of  water  from  the  small  reach  of  only  14  feet  of  sand  to  bring  the 
actual  water  level  down  to  the  observed  level  indicated  by  the  i)ressure 
gages. 

TIME  REQUIRED  TO   LOWER  THE  GROUND-WATER  LEVEL  BY  A 
SYSTEM  OF  INFILTRATION  PIPES. 

In  another  part  of  this  i^aper  it  was  shown  from  direct  observation 
that  the  withdrawal  of  a  comparatively  small  amount  of  water  from  a 
soil  already  saturated  is  sufficient  to  produce  a  marked  change  in  the 
level  of  the  ground  water,  and  hence  to  cause  marked  changes  in  the 
level  of  water  in  wells  and  in  the  height  of  the  ground  water  in  sections 
where  crops  depend  on  water  which  is  derived  from  the  underflow  by 
natural  subirrigation. 

In  order  to  secure  direct  and  positive  data  bearing  upon  this  impor- 
tant question,  when  the  water  in  the  reservoir  (fig.  48)  was  at  rest  and 
when  the  gage  readings  were  as  shown  in  the  table  below,  20  pounds  of 
water  were  added  to  the  sand  and  the  gages  were  allowed  to  assume 
the  new  level,  when  the  readings  were  again  taken  as  given  below : 


Table  sliowing  the  rise  of  the  f/round-ivater  surface  in  coarse  sand  due  to  the  addition  of 

water. 


*^              Gage  readings. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Before    adding  20 

l)ounds  water  

0.  778 

0.  776 

0.  776 

0.  775 

0.  770 

0.  774 

0.  775 

After     adding  20 

pounds  water  

.218 

.218 

.218 

.218 

.214 

.215 

.215 

Rise    in  the 

,.   .       water  sur- 

face   

.560 

.560 

.558 

.557 

.556 

.559 

.560 
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Table  sliowituj  the  rise  of  the  <jround-water  surface  in  coarse  sand  due  to  the  addition  of 

water — Contimied. 


Gage  readings. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Before  adding  20 
pounds  water  

After  adding  20 
pounds  water  

Rise   in  the 
water  sur- 
face   

0. 778 
.215 

0.  775 
.214 

0.  772 
.208 

0.  772 
.208 

0.  775 
.214 

0.  772 
.212 

0.  772 
.215 

0.  770 
.215 

.563 

.561 

.564 

.564 

.561 

.560 

.557 

.  555 

It  thus  appears  that  the  20  pounds  of  water  added  to  this  area  raised 
the  level  of  the  ground  water  an  average  of  0.5587  foot;  but  as  a  part 
of  the  water  added  went  to  fill  the  gage  tubes  and  two  graduates 
which  were  in  siphon  connection  with  two  supplementary  gages,  it  is 
necessary  to  deduct  3.565  pounds  from  the  20  pounds  added,  thus  leav- 
ing 16.435  i)ounds  as  the  amount  of  water  required  to  raise  the  level  of 
the  water  0.5587  loot  in  this  coarse  sand. 

In  the  next  experiment  there  was  withdrawn  from  the  same  reservoir 
38.3  pounds  of  water;  and  of  this,  4.725  pounds  came  from  the  gages 
and  the  two  graduates,  thus  leaving  33.575  pounds  coming  from  the 
sand,  lowering  the  level  0.7545  foot,  as  shown  by  the  gages  when  they 
had  come  to  rest  after  withdrawing  the  water. 

Still  a  third  trial  was  made;  a  single  pound  of  water  was  added  to  the 
reservoir,  and  this  had  the  effect  of  raising  the  ground  water  0.0258  foot, 
or  very  nearly  0.31  inch.  This  great  change  in  the  level  of  the  ground 
water,  with  so  small  an  amount  of  water  added  or  withdrawn,  will  be 
readily  understood  if  reference  is  again  made  to  fig.  15,  where  the 
empty  space  in  the  zone  of  capillary  saturated  soils  just  above  the  level 
of  the  ground- water  surface  is  shown  to  be  very  small  indeed,  even  in 
such  coarse  sands  after  they  have  stood  2.5  years  in  order  that  com- 
plete drainage  should  have  taken  place. 

In  a  final  trial  with  this  apparatus  the  withdrawal  of  78.7  pounds 
of  water  showed,  after  the  gages  had  become  stationary,  a  fall  in  the 
ground-water  level  over  the  whole  14.5  square  feet  amounting  to  1.226 
feet. 

But  78.7  pounds  of  water  on  14.5  square  feet  represents  only  1.435 
inches  of  water  on  the  level. 

It  is  now  possible  to  deal  definitely  on  a  quantitative  basis  with  such 
cases  as  those  described  by  T.  S.  \'an  Dyke  in  the  Irrigation  Age  for 
December,  1897,  page  60. 

In  I)<;(  enil>er,  the  West  T.os  Angeles  Water  Comp.iny  made  a  cut  some  2,000 

ftM-t  long  and  18  feet  ih  (i\)  at  the  tipper  «^n<l.  A  liuun;  was  laid  in  tlio  bottom,  from 
which  nearly  500  inches  of  water  have  been  flowing  ever  since  and  ahnost  unatfected 
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by  the  series  of  short  years.  During  the  two  months  the  cut  was  making,  and  the 
"water  increasing  every  day,  several  wells  on  places  from  1,000  to  2,000  feet  upstream 
showed  a  gradual  fall  of  their  water  level,  which  amounted  in  the  two  months  to  4 
feet.  In  June,  1896,  an  extension  was  made  which  took  six  weeks,  and  resulted  in 
developing  more  water  at  about  the  same  rate  as  that  in  the  main  flume.  During 
this  six  weeks  the  water  in  the  wells  sank  16  inches. 

If  reference  is  now  made  to  the  table  on  page  103,  where  the  number 
of  inches  required  to  raise  the  ground  water  1,  2,  3,  and  4  feet  after 
complete  drainage  has  occurred  are  given,  it  will  be  seen  that  for  the 
coarsest  sand  in  the  series  the  withdrawal  of  0.874  inch  of  water  on 
the  level  will  lower  the  ground  water  1  foot,  that  4.379  inches  will 
lower  it  2  feet,  8.55  inches  3  feet,  and  12.8 L  inches  4  feet,  while  with  the 
finest  sand  only  a  little  more  than  5  inches  of  water  taken  from  the 
ground  will  lower  the  water  level  4  feet. 

Eeferring  now  to  the  map  of  this  region  (fig.  45)  the  position  of  the 
wells  in  question  with  reference  to  the  completed  flume  will  be  seen. 
If  an  area  larger  than  that  covered  by  the  map,  or  four  blocks  on  a 
side,  equal  to  5,200  feet,  nearly  1  square  mile,  be  taken  and  the  lowest 
rate  of  discharge  for  the  completed  flume  which  has  been  given  by  Mr. 
Lippincott,  6.2  second-feet,  the  number  of  days  for  this  flume  to  lower 
the  water  under  the  whole  area  4  feet  may  be  computed,  assuming  the 
capacity  of  the  sands  of  the  water-bearing  beds  to  average  that  given 
in  the  table  referred  to  for  the  five  sands.  When  these  computations 
are  made  it  appears  that  the  time  given  below  is  required  for  the  dif- 
ferent sizes  of  sand. 


Days. 

Sand  No.  20   53.91 

Sand  Xo.  40   51.26 

Sand  No.  60   45.  43 

Sand  No.  80   31.45 

Sand  No.  100   28. 13 


These  figures,  it  will  be  seen,  are  fully  within  the  observed  time 
required  for  the  4  feet  of  change  which  was  recorded  on  the  well,  espe- 
cially when  it  is  observed  that  in  this  short  time  the  drainage  of  the 
soil  could  not  be  complete,  and  that  the  amount  required  for  the  mixed 
sands  is  likely  to  be  much  less  than  that  required  for  the  No.  20  sand, 
which  calls  for  less  than  fifty-four  days  of  flow  for  the  infiltration  flume 
to  draw  the  water  down  4  feet  over  an  area  1  square  mile  in  extent. 

The  records  of  discharge  by  this  flume  which  we  have  cited  from 
Mr.  Lippincott  show  that  its  capacity  decreased  as,  indeed  Avould  be 
expected  and  just  as  our  own  experimental  flows  did,  but  the  amount 
of  decrease  was  not  enormously  large  in  either  case,  yet  the  decrease 
has  been  amply  large  to  meet  reasonable  expectations. 

INTERFERENCE  OF  TWO  WELLS  IN  SANDSTONE. 

To  test  the  principles  involved  in  the  problems  of  the  last  section  an 
experiment  was  made  on  two  wells,  1,133  feet  apart,  each  sunk  into  the 
Potsdam  sandstone  to  a  depth  of  about  50  feet.    One  of  these  wells,  at 
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the  residence  of  the  writer,  is  6 
inches  iu  diameter,  70  feet  deep, 
and  is  cased  to  the  rock  (20  feet) 
with  steel  tubing.  In  the  well  is 
a  double  acting  pump,  worked  by  a 
2J-horsepower  gasoline  engine,  and 
capable  of  delivering  70  to  80  gal- 
lons of  water  per  minute.  The  sec- 
ond well,  having  the  same  general 
dimensions  and  character,  is  sit- 
uated on  the  exi)eriment-station 
farm,  and  had  recently  been  drilled 
when  the  experiment  to  be  de- 
scribed was  performed.  No  pump 
had  yet  been  put  upon  this  well. 
The  normal  height  of  the  ground 
water  in  each  of  these  wells  is  very 
nearly  the  same,  and  stands  1  or  2 
feet  above  the  surface  of  the  in- 
durated rock,  in  which  the  steel 
casings  terminate. 

The  object  of  the  exx)eriment 
was  to  ascertain  if  at  a  distance  of 
1,133  feet  the  pumping  of  one  well 
would  sensibly  disturb  the  level 
of  the  water  in  the  other.  To  ascer- 
tain this  fact  a  float  was  placed 
ui)on  the  water  in  the  new  well 
and  connected  with  a  twenty-four- 
hour  chronograph,  in  which  the 
movement  of  the  pen  is  magnified 
threefold. 

After  the  instrunjent  had  been 
connected  n\)  with  the  Avell  about 
four  hours  tlie  pump  was  started 
and  run  during  about  thirty  min- 
utes, then  stopped  for  ten  minutes, 
and  again  started  and  run  steadily 
until  8  p.  m.,  tlie  whole  period  of 
pumping  being  four  hours  and 
forty  minutes,  at  the  rate  of  abont 
75  gallons  per  minute. 

At  exactly  7  a.  m.  the  next  morn- 
ing the  i)nmp  was  started  again 
and  run  for  exactly  ten  minutes, 
and  the  record  which  was  i)roduced 
by  tli(;  chronograph  is  represented 
in  lig.  51.   'j'lic  clironogiapli  is  so 


Yki.  f)! .  —  a  iitngraphic  record  of  c  liangos  in  Iho 
li  vcl  of  water  in  n  well  duo  to  ijuiiipiuj;  all- 
ot lier  well  1,133  feot  (ii-staut. 
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made  that  a  fall  of  the  water  causes  a  rise  of  the  pen.  It  will  be  noted 
that  each  time  the  pump  was  started  the  pen  rose  on  the  sheet  faster 
than  it  had  been  rising  before  the  pump  was  started,  and  that  each  time 
the  pump  was  stopped  the  pen  fell  on  the  sheet  faster  than  it  had  been 
doing,  and  as  these  coincidences  occurred  three  consecutive  times,  just 
as  would  be  expected  if  the  pumping  of  one  well  affected  the  level  of 
the  water  in  the  other  well,  there  seems  to  be  no  reason  to  doubt  that 
the  record  proves  that  the  pumping  of  one  well  did  lower  the  level  of  the 
water  in  the  other  well  to  the  extent  which  the  record  shows.  The  total 
fall  of  the  water  in  the  well  was  three-fifths  of  an  inch.  It  has  been  shown 
that  in  coarse  sand,  such  as  was  used  in  the  last  experiments,  1  pound 
of  water  withdrawn  from  the  sand  in  the  reservoir  lowered  the  level  of 
the  water  in  it  0.31  inch  on  the  whole  area,  and,  assuming  the  same  rate 
for  the  circle  of  sandstone  whose  center  is  the  well  pumped,  it  would 
be  necessary  to  pump  out  8,635  cubic  feet  of  water  to  produce  the 
change  in  level  of  three-fifths  of  an  inch  which  was  recorded.  The 
amount  of  water  which  was  pumped  out  was  2,807  cubic  feet. 

As  the  water  was  lowered  three-fifths  of  an  inch  on  the  circumference 
of  the  area  which  has  been  computed,  it  is  evident  that  the  area  taken 
as  being  affected  is  too  small,  and  not  only  this,  but  the  amount  of 
lowering  toward  the  center  should  be  some  amount  greater  than  that 
observed  at  the  well,  so  that  the  amount  computed  would  on  this 
basis  be  too  small.  On  the  other  hand,  it  must  be  said  that  the  space 
emptied  by  pumping  from  the  fine  sand  of  the  sandstone  would  be 
much  smaller  for  the  same  depth  than  that  observed  for  the  coarse 
sand,  certainly  less  than  one-third  of  it,  or  less  than  the  amount 
pumped  out;  hence  it  appears  clear  that  even  in  this  case  of  inter- 
ference it  may  well  be  accounted  for  by  an  actual  lowering  of  the  surface 
of  the  ground  water  rather  than  by  a  change  of  pressure  due  simply  to 
a  change  in  the  rate  of  flow,  as  Professor  Slichter  would  account  for  it. 

When  the  third  start  and  stop  were  made  in  this  experiment  two 
observers  set  their  watches  together,  with  a  view  of  determining  how 
long  after  starting  the  pump  it  would  be  before  the  well  would  respond 
and  how  long  after  stopping  before  the  reversal  would  occur.  It  was 
found  that  the  fall  of  the  water  began  about  one  minute  and  forty-five 
seconds  after  starting  the  pump,  the  time  being  obtained  by  observing 
the  pen,  watch  in  hand.  The  engine  worked  exactly  ten  minutes,  but 
the  rise  of  the  pen,  and  hence  fall  of  the  water,  appears  to  have  con- 
tinued nearer  fifteen  minutes  than  ten,  and  there  was  no  sharp  fall  to 
fix  the  turning  better  than  the  curve  itself  shows  it. 

The  fact  that  the  fall  of  the  water  was  so  gradual  and  continued  so 
long  after  the  main  pumping  closed  seems  to  indicate  that  an  actual 
lowering  of  the  ground  water  had  taken  place. 

The  dependent  loops  in  the  curve  at  a,  a,  a,  are  due  to  the  passage  of 
a  railway  train  along  the  track,  which  always  produces  a  rise  of  the 
water  in  the  well  equal  to  one-third  the  dimension  of  the  loop.  This 
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rise  must  be  due  to  one  of  two  causes — either  to  the  jarring  of  tlie  soil, 
whicli  destroys  the  capillary  equilibrium  and  dislodges  some  of  the 
capillary  water,  causing  it  to  became  hydrostatic,  and  thus  raises  the 
level  of  the  water  in  the  well,  or  else  to  an  actual  depressing  of 
the  ground,  due  to  loading  and  submergence  into  the  ground- water 
surface,  causing  it  to  rise.  The  former  view  appears  the  more  likely  to 
be  true,  except  that  it  is  generally  true  that  the  heavily  loaded  and 
slowly  moving  freight  trains  produce  more  effect  than  do  the  more 
swiftly  moving  passenger  trains. 

RATE  OF  FLOW  OF  WATER  INTO  WELLS. 

One  of  the  most  imi)ortant  and  most  practical  problems  connected 
with  the  flow  of  ground  water  is  that  of  the  supply  of  water  from  wells. 
For  the  supply  of  water  for  stock  and  country  homes,  for  the  supply  of 
water  to  cities,  and  especially  for  the  supply  of  water  for  irrigation 
through  wells,  there  is  great  need  of  a  clear  understanding  of  the  laws 
which  govern  the  movement  of  ground  water  and  the  supply  of  it  to 
wells.  So  little  are  these  laws  understood  and  applied  by  practical 
men  that  serious  and  very  costly  mistakes  in  well  digging  are  of  very 
frequent  occurrence. 

When  the  well  for  the  dairy  building  at  the  University  of  Wisconsin 
was  dug,  for  example,  preparatory  to  placing  the  building  over  it,  so 
little  attention  was  given  to  the  matter  that  the  well  was  permitted  to 
be  stopped  in  a  loose  sand,  it  being  taken  for  granted  that  with  25 
feet  of  water  in  the  well  there  must  be  an  ample  supply  for  all  the 
purposes  of  cleaning,  of  washing  butter,  and  of  furnishing  water  for 
a  large  boiler  and  engine,  and  yet  the  only  water  the  authorities  had 
reason  to  expect  was  the  amount  which  could  rise  through  the  small 
circle.  Cinches  in  diameter,  of  loose,  quite  fine  sand,  into  a  G-inch  casing 
under  a  very  low  pressure.  The  building  was  erected  over  the  well, 
leaving  it  where  it  can  not  be  deepened  except  at  great  expense,  and 
the  result  was  the  piping  of  lake  water  half  a  mile  at  great  cost,  when 
$G0  at  the  right  time  would  have  enabled  the  same  well  to  have  sup- 
plied 80  gallons  of  cold,  pure  water  per  minute. 

In  another  instance,  at  the  city  waterworks  at  Whitewater,  Wiscon- 
sin, the  company  was  at  the  point  of  asking  bids  for  a  second  well, 
at  a  cost  of  not  less  than  $1,200  to  $1,500,  the  conviction  being  that 
with  some  new  extensions  they  desired  to  make  they  would  need  a 
third  more  water  tlian  they  had  been  taking  from  their  Avell.  At  tliis 
juncture  tlie  writer  had  occasion  to  request  permission  to  test  tlie  effect 
of  lowering  the  level  of  discharge  of  their  well  on  the  amount  of  water 
it  would  supi)ly,  this  being  au  artesian  well  dis(iharging  into  a  reser- 
voir. To  do  this  it  was  only  necessary  to  open  a  gate  and  lower  the 
water  in  the  reservoir  as  desired.  The  pumps  are  set  so  as  to  draw 
both  from  the  reservoir  and  from  the  well  at  the  same  time,  and  on 
lowering  the  reservoir  and  w  orking  their  i)unq)s  the  proprietors  of  the 


280 


MOVEMENTS  OF  GROUND  WATER. 


works  were  very  agreeably  surprised  to  find  that  their  well  had  more 
than  doubled  the  capacity  they  had  supposed  it  to  possess,  and  the 
digging  of  the  second  well  was  abandoned.  These  parties  had  been 
deceived  by  the  fact  that  in  pumping  the  daily  supply  for  the  city 
from  the  top  of  the  reservoir,  and  near  the  upper  limit  of  discharge  for 
the  well,  the  water  was  lowered  quite  rapidly,  and  so  rapidly  that  at 
this  rate  of  lowering  the  extra  supply  they  contemplated  could  not  be 
obtained. 

In  planning  the  laboratory  for  agricultural  instruction  there  was 
included  in  it  a  well  to  be  fitted  up  in  such  a  manner  as  to  permit  some 
of  the  laws  of  the  flow  of  water  into  wells  to  be  experimentally  demon- 
strated. This  well  has  a  depth  of  140  feet,  and  is  cased  with  6-inch  well 
tubing  to  and  into  Potsdam  sandstone. 

The  well  extends  into  the  sandstone  beyond  the  casing,  20.83  feet,  so 
that  there  is  a  surface  through  wliich  the  water  may  enter  the  well,  sup- 
posing no  fissures  to  exist,  of  32.52  square  feet,  instead  of  the  28  square 
inches  which  was  expected  to  supply  the  necessary  water  for  the  dairy 
building  referred  to  above. 

The  drillings  from  this  well  after  the  sandstone  had  been  entered 
were  saved  in  order  to  use  them  for  experiments  in  determining  the 
laws  of  flow  of  water  into  wells.  It  is  usually  quite  expensive  and 
often  quite  difficult  or  even  impracticable  to  give  a  well  a  thorough  test 
of  capacity  when  it  is  being  dug,  and  it  seems  to  the  writer  that  if 
the  materials  from  some  wells  of  known  cai^acity  can  be  examined 
with  a  view  to  determining  the  rate  at  which  water  will  pass  through 
thein  under  stated  pressures,  it  may  be  possible  to  devise  a  method  of 
deducing  the  minimum  capacity  of  a  well  from  the  dimensions  of  the 
well  and  the  texture  of  the  water-bearing  section.  It  would,  of  course, 
be  impossible  to  i^redict  a  maximum  flow  under  given  i)ressure,  even 
were  the  sizes  of  the  soil  grains  and  the  pore  spaces  known  with  great 
exactness,  because  in  cases  of  greatly  fissured  beds,  where  open  seams 
are  crossed  by  the  well,  such  o^Dcn  fissures  form  indeterminate  percolat- 
ing surfaces,  through  which  the  water  may  leave  the  rock  structure  and 
pass  by  the  laws  of  flow  of  water  in  wide  channels  to  the  wells.  But 
if  it  were  possible  to  say  that  the  flow  is  sure  to  equal  a  certain  rate 
and  that  it  is  liable  not  to  exceed  that  very  much,  such  knowledge  as 
this  would  be  worth  a  great  deal  and  would  give  a  basis  of  judgment 
as  to  whether  the  digging  may  be  stopped  or  should  be  pushed  farther. 

In  the  laboratory  well  the  casing  stopped  at  a  depth  of  120  feet  and 
beyond  this  the  well  extends  to  140  feet  10  inches  below  the  surface. 
At  the  time  of  the  drilling,  when  the  rock  had  been  reached  and  the 
well  had  been  cleaned,  the  balance  of  the  drill  chips  and  sand  was 
saved  by  having  the  bucket  emptied  into  grain  sacks,  allowing  the 
water  to  strain  through  the  walls  and  run  away.  By  this  method 
of  saving  the  material  some  of  the  finest  silt  was  lost,  as  the  water 
was  not  clear  when  it  left  the  sacks  j  the  jjer  cent  of  material  so  lost 
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would  be  very  small  indeed,  but  might  have  a  measurable  influence  on 
the  rate  of  flow  through  the  sand. 

Four  groups  of  samples  were  saved  with  the  intention  of  determining 
the  flow  of  both  water  and  air  through  them  under  known  conditions. 
The  aspirator  trials  are  given  in  the  table  which  follows,  but  time  has 
not  permitted  the  measurement  of  the  flow  of  water. 


Effective  size  of  sand  grains  in  the  well  of  the  pliysical  laboratory  at  the  University  of 

Wisconsin. 


Sample. 

Pore  space. 

Specific 
gravity. 

Pressure. 

Time  for 
flow  of  5,000 
c.  c.  of  air. 

Effective  di- 
ameter of 
grain. 

Feet. 

Per  cent. 

Cm. 

Seconds. 

Mm. 

120-122.5  

33.  80 

2.  65 

2.81 

26,  215 

0.  05612 

122.5-127. 17  

33.  99 

2.  65 

2.81 

13,  525 

. 07817 

127. 17-133.  83  

3L22 

2.  65 

2.63 

8,  065 

.  1214 

133.  83-140. 83  

30.  40 

2.65 

2.  73 

2,  638 

.2006 

Several  measurements  have  been  made  of  the  capacity  of  the  well  in 
question  by  pumping  into  a  tank  holding  1G2.  92  cubic  feet  and  noting 
the  time  required  to  fill  the  tank,  and  at  the  same  time  measuring  the 
amount  the  surface  of  the  water  in  the  well  was  lowered  under  the  rate 
of  pumping. 

To  measure  the  changes  of  level  in  the  well  during  the  time  of  pump- 
ing, one-eighth  inch  galvanized  iron  pipe  was  coupled  together,  and  the 
joints  were  soldered  to  make  them  permanently  air-tight.  This  pipe 
was  then  lowered  into  the  well  between  the  casing  and  the  4-inch 
discharge-pipe  until  its  lower  end  was  some  40  feet  below  the  level  of 
the  water  in  the  well.  To  the  upper  end  of  this  pipe  was  connected 
a  Bourdon  water  gage  graduated  to  read  feet  and  inches  of  water 
pressure. 

By  means  of  a  lever  bicycle  pump  air  is  forced  into  the  pressure 
tube  until  all  the  water  in  the  pipe  is  forced  out,  at  which  time  the 
gage  reading  becomes  constant  and  shows  the  amount  of  water  in 
the  well  above  the  lower  end  of  the  pressure  gage.  To  measure  the 
cliange  of  level  of  water  in  the  well,  which  may  occur  while  the  pump 
is  at  work,  a  record  is  first  made  of  the  level  of  the  water  before  pump- 
ing begins,  and  then,  from  time  to  time  as  the  work  i)rogresses,  other 
readings  are  made,  which  show  by  their  differences,  when  compared 
witli  tlie  first  reading,  the  amount  of  lowering  which  has  taken  place. 

In  the  first  experimental  test  of  the  well  the  x>iinip  was  worked  on  a 
12-inch  stroke  and  the  water  was  discharged  into  a  measuring  reser- 
voir, wheie  tlie  amount  delivc^red  was  determined  at  the  close  of  the 
trial.  The  pump  was  woi  ked  with  a  2.^-h()isepower  gas  engine,  whose 
rate  of  speed  was  very  nearly  constant,  so  that  the  rate  of  i)umping 
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may  safely  be  computed  from  the  time  and  total  amount  of  water 
pumped. 

In  the  table  which  follows  are  given  the  gage  readings  before,  during, 
and  after  pumping. 

TaMe  showing  the  changes  of  level  of  water  in  well  during  pumping. 


Time. 


Before  start 

8.13  a.m... 

8. 14  a.  m..  . 

8. 15  a.  m... 

8. 16  a.m... 

8. 17  a.  m.  -. 

8.18  a.  m. .. 

9  a.  m  

10  a.m  

11  a.  m  

12  a.  m  

1  p.  m  

2  p.  m  

3  p.  m  

4  p.  m  


Pressure. 


Amount  of 
lowering. 


Ft.  In. 
47  2 


47 
44 
44 
44 
44 
44 
44 


43  11 

43  10 

43  10 

43  10 

43  10 

43  10 

43  10 


Inches. 


31 
34 
34 
35 
35 
36 
39 
40 
40 
40 
40 
40 
40 


Time. 


p.  m. 
21  p. 

21  15 

22  p. 

23  p. 

24  p. 

25  p. 

26  p. 
31  p. 
37  p. 
45  p. 
55  p. 
p.  m. 
10  p. 
45  p. 


m  

p.  m. 


m. 
m . 
m. 
m. 
m. 
Ill . 
m , 
m 
m 


Pressure. 


Ft.  In. 

43  10 

43  10 

46  2 


m 

m, 


46 
46 
46 

46  8 

46  8 

46  9 

46  10 

46  10 

46  11 

47  00 
47  00 
47  2 


Amount  of 
lowering. 


Inches. 
40 

Stopped. 
12 
10 

8 
6 
6 
6 
5 
4 
4 
3 
2 

9 


By  referring  to  the  table,  it  will  be  seen  that  in  one  minute  the  level 
of  the  water  fell  31  inches  and  in  four  minutes  35  inches.  At  the  end 
of  167  minutes  the  level  had  become  constant,  with  a  drop  of  40  inches 
below  the  normal.  The  engine  was  stopped  after  a  run  of  nine  hours 
and  eight  minutes,  and  the  amount  of  water  pumped  was  1,163  cubic 
feet,  or  at  the  mean  rate  of  2.122  cubic  feet  per  minute. 

The  total  depth  of  percolating  surface  was  as  follows : 

Table  ahowing  thickness  of  water-hearing  beds  and  effective  diameter  of  grains  of  sand  in 

sandstone. 


Thickness  of  stone. 

Effective  di- 
ameter of 
grain. 

Ft.  In. 

Millimeters. 

2  6 

0.05612 

4  8 

. 07817 

6  8 

.1214 

7  0 

.2006 

Total.  20  10 
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The  total  area  of  percolating  surface  will  therefore  be 

0.5  X  TT  X  20.833  4-  tt  =  32.92  square  feet. 

The  mean  rate  of  flow,  therefore,  when  expressed  in  cubic  feet  per 
square  foot  of  percolating  surface,  is 

2. 122 

^yr~i)o~  =  .06447  cubic  feet  per  minute. 

Three  other  trials  were  made,  one  following  the  other  on  the  same 
date  between  11.47  a.  m.  and  G.31.45  p.  m.,  the  pumj:)  being  driven  at 
different  speeds  by  changing  the  length  of  stroke. 

Observed  Jloiv  of  well  under  different  heads. 


9-incb  stroke. 

6-inch  stroke. 

12-iiich  stroke. 

Water  pumped  cubic  feet. . 

163.  82 

165. 744 

163. 244 

Time  of  pumping  minutes.. 

101. 

165. 75 

81.75 

Rate  of  pumping  per  minute . .  cubic  feet . . 

1.622 

1.00 

1.996 

Extreme  lowering  of  water  inches. . 

26.5 

16. 

35. 

Mean  flow  per  square  foot  of  percola- 
ting surface.,  .cubic  feet  per  minute.. 

. 04921 

.  03038 

.  06063 

In  these  trials  the  pumping  with  the  9-inch  stroke  was  done  first,  and 
with  the  12-inch  stroke  last. 

In  these  three  trials  of  j^umping  only  those  with  the  9-inch  and  G4nch 
strokes  persisted  long  enough  to  bring  the  water  in  the  well  down  to  a 
constant  level.  In  the  first  trial,  however,  with  the  12-inch  stroke,  the 
surface  had  become  constant  after  falling  40  inches.  It  will  be  inter- 
esting to  observe  whether,  in  these  cases,  the  measured  flow  is  propor- 
tional to  the  amount  the  water  has  been  lowered  in  the  Avell.  By 
dividing  the  mean  rate  of  pumping  per  minute,  which  is  the  flow,  by 
the  amount  the  water  was  lowered  in  each  case,  which  is  the  pressure, 
we  get 

2.122 
40 

1.  022 
26.5 

16 


For  the  12- inch  stroke 


For  the   9-inch  stroke 


For  the   6-in(;h  stroke 


= . 05305. 


=  . 06121. 


=  .  06250. 


From  these  results  it  appears  clear  that  the  How  does  not  increase  as 
rapidly  as  the  i)ressure  increases,  pressure  being  understood  to  mean 
the  amount  the  water  is  lowered  in  the  well;  and  when  the  departures 
are  expressed  in  jx^rcentages  the  amounts  stand  2.0(>  for  the  9-inch 
stroke  and  15.1ii  for  the  12-inch  stroke  too  small. 
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In  view  of  the  practical  importance  of  definite  knowledge  regarding 
the  flow  of  water  into  wells,  the  writer  submitted  to  Professor  Slichter 
the  set  of  problems  of  Series  B,  which  are  stated  in  the  introduction, 
and  below  are  given  results  of  these  computations  so  far  as  they  were 
made. 

In  Problem  I,  Series  B,  a  stratum  of  water-bearing  sandstone  200  feet 
thick  was  assumed^  having  a  pore  space  of  32  per  cent  and  an  effective 
size  of  grain  of  0.25  mm.,  and  it  was  required  to  find  the  theoretical 
flow  into  a  6-inch  well  extending  100  feet  into  the  rock  when  the  water 
in  the  well  was  lowered  by  iiumping  4,  8,  12,  16,  and  20  feet.  The 
results  which  Professor  Slichter  found  are  given  in  the  table  below  : 


Prohlem  I,  Series  B. 


Depth  of 
sandstone. 

Amount 
the  water 
is  lowered 
in  well. 

Pore  space 
of  sand- 
stone. 

Capacity 
per  minute. 

Depth  of 
well. 

Feet. 

Feet. 

Per  cent. 

Cxihicfeet. 

Feet. 

200 

1 

32 

1.  8483 

100 

200 

2 

32 

3. 9666 

100 

200 

4 

32 

7.  2932 

100 

200 

8 

32 

14. 7864 

100 

200 

12 

32 

22. 1796 

100 

200 

16 

32 

29.  5728 

100 

200 

20 

32 

36.  966 

100 

It  will  be  seen  that  the  increase  of  flow  into  the  well  is  made  directly 
proportional  to  the  amount  the  water  is  lowered  in  the  well,  but  if  the 
direct  observations  which  have  been  cited  can  be  relied  upon,  it  follows 
that  for  the  higher  heads  in  the  table  the  results  are  too  large. 

It  may  be  that  the  departure  from  the  theoretical  increase  which  has 
been  observed  is  in  part  due  to  an  incorrect  value  assumed  in  equation 
(9),  page  360,  of  Professor  Slichter's  paper,  for  the  distance  from  the  walls 
of  the  well  at  which  the  pressure  remains  undisturbed  or  is  essentially 
normal  and  which  is  there  taken  at  600  feet.  This  suggestion  is  made 
in  view  of  the  fact  observed  as  given  on  page  277,  that  the  level  of  the 
water  maybe  lowered  by  even  moderate  pumping  at  a  distance  of  1,133 
feet  away  from  the  walls  of  the  well. 

The  general  fact  that  the  capacity  of  a  well  is  increased  in  a  high 
degree  the  more  the  water  is  lowered  in  it  is  indicated  both  by  obser- 
vation and  theory,  and  should  be  kept  in  mind  by  both  well  drillers  and 
pump  men.  The  first  should  see  to  it  that  he  has  left  the  bottom  of  his 
well  sufficiently  far  below  the  normal  level  of  the  ground  water  to  per- 
mit of  lowering  the  water  through  considerable  ranges,  and  the  second 
should  see  that  the  cylinder  of  the  i)ump  is  so  placed  as  to  make  it  pos 
sible  to  utilize  the  full  depth  of  the  well. 
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111  Problem  II,  Series  B,  the  object  was  to  show  the  influence  of  the 
diameter  of  the  well  on  the  amount  of  water  it  may  yield.  This  is 
important  in  view  of  the  fact  that  the  cost  of  a  well  increases  rapidly 
with  its  diameter,  both  on  account  of  the  labor  involved  and  the  expense 
of  curbing  or  casing. 

With  a  well  sunk  100  feet  in  200  feet  of  water-bearing  rock,  having 
a  pore  si:>ace  of  32  per  cent  and  an  effective  size  of  grain  of  0.25  mm., 
what  will  be  the  flow  when  the  diameter  of  the  well  is  made  2,  G,  and 
12  inches?  Professor  Slichter  finds  that  if  the  size  of  the  discharge 
pipe  does  not  offer  material  resistance  to  the  flow  of  the  water  the 
capacities  of  the  three  wells  will  be,  in  cubic  feet  per  minute: 


2-incli  diam- 
eter. 

6-inch  diam- 
eter. 

12-incli  diam- 
eter. 

31.90 

36.  94 

41.45 

These  figures  indicate  that  the  6-inch  well  discharges  only  15.8  per 
cent  more  than  the  2-inch  well,  while  the  12-inch  well  discharges  only 
26.07  per  cent  more. 

It  is  frequently  urged  that  since  the  flow  of  water  through  pipes 
increases  with  the  squares  of  their  diameters,  a  12-inch  well  should 
have  a  capacity  equal  to  four  6-iiich  wells,  but  the  difficulty  here  lies 
in  not  taking  into  consideration  the  influence  of  the  sand  itself  on  the 
rate  of  flow  into  the  well. 

It  will  readily  be  understood  that  if  a  given  water-bearing  bed  can 
permit  a  flo^  of  only  2  cubic  feet  per  minute  into  a  well  12  inches  in 
diameter,  a  2-inch  well  will  easily  handle  nearly  all  the  water  such  a 
rock  can  supply,  for  the  2-inch  well  will  1)e  able  to  collect  1.626  cubic 
feet  per  minute. 

There  are  other  considerations,  however,  which  determine  what  the 
diameter  of  a  well  must  be  when  the  water  must  be  pumi)ed,  for  then 
such  dimensions  must  be  chosen  as  will  permit  the  use  of  i^umps  of  suf- 
ficient capacity  to  utilize  the  fnll  flow  of  the  well,  and  when  the  water 
is  considerable  distance  below  the  surface  of  the  ground  the  size  of  the 
cylinder  which  will  deliver  the  water  sought  must  fix  the  diameter  of 
the  well  to  the  depth  at  which  it  must  be  placed. 

Then,  too,  in  the  case  of  flowing  wells,  if  the  pressure  of  the  well  is 
strong,  and  especially  if  the  well  is  deep,  the  friction  on  the  walls  of  a 
small  drill  hole  or  casing  becomes  so  large  that  here  the  diameter  affects 
the  capacity  of  the  well  in  accordance  with  the  laws  which  govern  the 
di.scliarge  of  water  throngh  large  i)ipes,  and  a  too  small  casing  may  in 
such  cases  greatly  reduce  the  amount  of  really  available  water. 

As  wells  of  considerable  diameter  are  sometimes  dug  for  the  con- 
venience of  placing  and  working  irrigation  pumi)s  and  to  serve  in  ]>art 
as  stora^ie  reservoirs  in  the  case  of  waterworks  for  towns,  the  tliird 
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phase  {h)  of  Problem  II,  Series  B,  was  proposed.  This  requires  the  flow 
into  a  well  20  feet  iii  diameter  sunk  22  feet  into  the  supposed  water- 
bearing sandstone  when  the  level  of  the  water  in  the  well  is  lowered 
20  feet.  The  solution  gives  as  the  amount  supplied  46.12  cubic  feet 
per  minute,  which  is  1.2485  times  that  of  the  6-inch  well  when  sunk  to 
the  depth  of  100  feet  in  the  same  rock. 

It  is  frequently  sought  to  increase  the  capacity  of  such  a  well  as  the 
one  last  considered  by  sinking,  in  the  bottom  of  the  large  one,  one  or 
more  of  small  diameter,  and  the  problem  (c)  of  Problem  II,  Series  B, 
Avas  proposed  to  meet  these  cases.  This  problem  requires  the  total  flow 
into  such  an  open  well  as  the  last,  which  has  put  down  in  it  one,  two, 
and  three  6-inch  wells  extending  entirely  through  the  supposed  water- 
bearing rock,  namely,  200  feet.  Solving  this  problem,  Professor  Slich- 
ter  finds  the  following  results: 

Cubic  feet 
per  minute. 


Large  open  well  alone  „   46. 12 

Large  well  with  one  6-inch  well   110.  2 

Large  well  with  two  6-inch  wells  5  feet  apart   125. 2 

Large  well  with  two  6-inch  wells  10  feet  apart   130. 1 

Large  well  Avith  three  6-iuch  wells  5  feet  apart   136. 6 

Largo  well  Avith  three  6-inch  wells  10  feet  apart   142.  3 


He  concludes,  further,  that  if  the  wells  are  placed  in  one  straight 
line  10  feet  apart  the  middle  well  will  flow  4  per  cent  less  than  either  of 
the  end  wells,  and  if  5  feet  apart  7  per  cent  less. 

In  order  to  show  the  influence  on  the  capacity  of  a  well  of  sinking  it 
to  different  depths  into  the  water-bearing  formation,  Problem  III,  Series 
B,  was  proposed,  in  which  the  assumptions  are  the  same  as  in  Problem  I 
of  this  series,  except  that  the  well  penetrates  the  water-bearing  bed 
4,  8,  12,  16,  20,  40,  80,  100,  and  200  feet.  The  results  which  he  finds 
under  an  efi'ective  head  of  10  feet  are  given  in  the  table  which  follows: 


Deptli  of  well  in  feet. 

4. 

8. 

12. 

16. 

20. 

40. 

80. 

100. 

200. 

Flow  in 
cubic  feet 
per  minute 

1.003 

1.818 

2.544 

3. 265 

4.08 

7.  68 

14.88 

18.49 

36.  02 

It  will  be  seen  that  in  this  case  the  flow  does  not  increase  in  a  ratio 
which  is  proportional  to  the  depth,  but  rather  that  the  flow  is  relatively 
more  rapid  in  the  shallow  wells  than  it  is  in  the  deeper  ones.  This  is 
in  part  due  to  the  fact  that  in  the  shallower  wells  the  water  has  an 
opportunity  to  rise  upward  and  approach  the  well  from  below,  while  in 
the  well  which  penetrates  the  whole  formation  the  lines  of  flow  must 
all  approach  in  parallel  planes,  provided  the  structure  of  the  rock  is 
homogeneous. 


KING.] 


RATE  OF  FLOW  OF  WATER  INTO  WELLS 


287 


It  is  never  true,  however,  that  a  water-bearing  liorizou  is  uniform  in 
texture,  and  the  results  which  have  been  cited  from  NewelFs  work 
demonstrate  in  a  forcible  and  conchisive  manner  that  generally  the  flow 
into  a  w^ell  along  the  bedding  planes  or  planes  of  stratification  is  much 
more  rapid  than  when  the  flow  takes  place  across  them,  as  must  be 
true  when  the  water  approaches  the  bottom  of  the  well  from  below.  It 
will  necessarily  be  true  that  where  beds  of  coarse-  and  fine-grained 
material  alternate  with  one  another,  and  are  penetrated  by  a  well,  the 
largest  volumes  of  water  will  approach  the  well  through  the  coarser 
layers,  and  this  will  be  true  not  only  because  it  is  coarser  grained  but 
also  because  the  reduction  of  pressure  will  be  greater  and  farther 
reaching  in  the  coarser  layers;  and  this  being  true  the  water  will 
necessarily  flow  out  of  the  beds  of  finer  texture  into  those  of  coarser 
texture  and  will  ap])roach  the  well  along  these  planes  of  less  resistance. 
It  is  not  possible,  therefore,  to  compute  the  flow  of  water  into  a  well 
penetrating  a  series  of  beds  of  different  textures  without  taking  into 
consideration  the  flow  which  will  take  place  from  the  finer  beds  into 
the  coarser  ones. 

These  considerations  bring  out  in  their  true  light  the  great  im.por- 
tance  of  the  beds  and  veins  of  coarse-grained  materials  which  a  well 
may  penetrate,  and  show  the  importance  of  utilizing  them  by  bringing 
the  well  into  good  connection  wuth  them.  It  will  be  readily  seen  that, 
when  the  casing  of  a  well  is  carried  down  into  a  water-bearing  horizon, 
and  is  not  T)erforated  throughout  its  entire  length,  it  is  quite  possible 
for  the  end  of  the  pipe  or  the  perforated  portion  of  it  to  be  stopped  in 
one  of  the  finer-grained  layers,  thus  compelling  the  water  to  leave  the 
coarse-textured  bed  to  pass  through  one  of  finer  character  before 
entering  the  well,  and  exactly  reversing  the  conditions  which  should  be 
sought,  namely,  the  flow  of  Avater  from  the  fine  beds  into  the  coarser 
ones,  through  which  the  approach  to  the  well  may  be  made. 

The  principle  of  flow  to  which  attention  is  here  called  appears  to 
furnish  an  explanation  for  the  phenomena  to  which  Newell  refers  in 
his  paper,  which  has  been  quoted  earlier  in  this  paper.  He  says  in  his 
conclusions: 

These  experiments  and  others  of  similar  character  all  indicate  that  at  constant 
pressure  oil  and  water,  even  the  ])ure8t,  tend  to  dog  up  the  rock  through  which 
they  are  passing.  If  this  holds  true  fur  greater  thicknesses  and  pressures,  then  it 
may  he  one  of  the  causes  of  the  diminishing  How  of  W(dls;  i'or  not  only  would  the 
output  slacken  from  lessened  gas  pressure  (as  it  is  shown  that  the  llow^  diminishes 
as  thi'.  X)res8ure),  hut  the  rock  hecom«'S  less  ahle  to  transnut  the  oil. 

The  inference  appears  legitimate  that  whenever  the  pressure  is 
reduced  in  a  coarse  textured  layer  of  a  water-bearing  series,  as  it  is  by 
pumping,  and  the  lh)w  of  water  sets  out  of  the  finer  beds  into  it,  as  a 
conse([uence,  sediments  are  liable  to  be  carried  with  it  from  the  finer 
beds,  wiiich,  in  time,  would  reduce  the  pore  space  of  the  coarser  beds, 
and  thus  diminish  the  flow  to  an  appreciable  extent.    This  tendency 
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is  intensified  by  the  fact  that  in  the  material  of  iiner  pore  the  pres- 
sures are  relatively  higher  and  the  velocities  actually  greater,  and  thus 
capable  of  moving  materials  which  before  the  changed  conditions  had 
become  stationary,  and  thus  carry  them  out  into  the  slower  moving 
streams  of  th^  more  open  rock  to  be  again  deposited  and  to  j)roduce 
clogging.  Then,  too,  in  the  stronger  currents  which  concentrate  in  the 
local  veins  and  fissures  and  lead  into  the  coarser  layers  materials  which 
before  were  stationary  may,  under  the  new  conditions,  be  carried  for- 
ward to  where  they  may  reduce  the  flow  of  the  well  below  that  at 
which  it  first  discharged. 

In  Problem  IV,  Series  B,  the  conditions  are  similar  to  those  of 
Problem  III,  excei)t  that  here  the  depth  of  the  well  remains  constant 
while  the  thickness  of  the  water-bearing  beds  is  increased. 

It  is  required  to  find  the  flow  from  a  G-inch  well  extending  20  feet 
into  a  sandstone  when  the  thickness  of  water-bearing  rock  below  the 
well  is  increased  from  0  to  400  feet.  Professor  Slichter's  results  are  as 
follows : 

Flow  of  0-inch  well  20  feet  deep,  until  varying  thickness  of  water-hearing  sandstone  heneath 

hottoni  of  IV ell. 


Distance  from  bottoiu  of  well  to  bottom  of  water-bearing 
rock. 


0  

1  foot 

2  feet 
4  feet 

10  feet 
20  feet 
40  feet 
80  feet 
100  feet 
200  feet 
400  feet 
000  feet 


Computed 
total  tiow  per 
minute. 


Cubic  feet. 
3.  60 
3.72 
3.76 
3.78 

3.  83 
3. 86 
3.91 
4.00 
4.05 
4.06 

4.  07 
4.  07 


Theoretical  considerations  appear  to  indicate  that  the  depth  of  sand- 
stone below  the  bottom  of  a  well  may  continue  to  increase  its  capacity 
until  a  depth  of  400  feet  is  passed,  when  there  is  no  further  increase. 

There  will,  of  course,  be  limitations  to  x)roblems  of  this  sort  similar 
to  those  which  have  been  jjointed  out  for  the  xireceding  case. 

It  may  be  said  as  a  general  conclusion  that  in  all  of  those  cases 
wliere  indurated  rock  makes  up  the  entire  water-beariug  series  and 
where  all  of  the  water  of  the  formation  is  known  to  be  ''sweet"  there 
is  little  danger  of  going  too  far,  and  that  the  capacity  will  be  greater 
the  deeper  the  well  is  made. 
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Problem  of  Series  B  is  the  only  other  one  of  those  proposed  for 
Professor  Slichter's  considenitioii  which  he  has  solved,  and  the  results 
are  given  in  full  on  page  3G7  of  his  paper,  to  which  the  reader  is 
referred.  The  reader  is  also  referred  to  his  paper  for  such  solutions  as 
have  been  attempted  regarding  the  interference  of  wells,  and  for  the 
number  of  wells  which  may  be  put  down  in  a  given  area  of  a  water- 
bearing horizon. 

CAPACITY    OF   WELLS    UNDER    DIFFERENT    CONDITIONS  COM- 
PUTED FROM  OBSERVED  FLOWS  IN  THE  LABORATORY  WELL. 

It  will  now  be  desirable  to  apply  the  theoretical  conclusions  ])re- 
seuted  to  the  data  derived  from  expei  iuients  with  the  laboratory  well. 

It  is  shown  on  page  283  that  under  the  highest  head  used  on  the 
well — 40  inches — the  mean  flow  per  inch  of  head  is  0.05305  cubic  foot 
per  minute,  dr  0.()3()()  cubic  fopt  per  foot  of  head.  Adopting  Professor 
Slichter's  assumption  that  the  flow  increases  directly  as  the  head,  we 
shall  have,  for  different  pressures,  the  following  computed  results : 

Table  showiiKj  Jiow  under  different  jyressures  computed  from  observed  Jiow  under  40  uiches 

water  iiressure. 


Pressure. 

Flow  per  minute. 

Pounds. 

Feet. 

Cubic  feet. 

Gallons. 

0.  43 

1 

0.  6366 

4.  762 

4.  33 

10 

6.  366 

47.  62 

8.66 

20 

12.  732 

95.23 

12.  99 

30 

19.038 

142.  90 

17.  33 

40 

25. 464 

190. 50 

21.66 

50 

31.  830 

238. 10 

43.  33 

100 

63.  660 

476.  20 

86.  66 

200 

127.  320 

952.  30 

173.  33 

400 

254.  64 

1,  905.  00 

If,  now,  it  is  assumed  that  the  capacity  of  this  well  is  increased  in  a 
ratio  directly  proportional  to  depth,  the  following  should  be  expected: 

Table  shoiviny  increase  of  Jiow  with  dej)t]i  computed  Jroui  observed  Jiow  of  laboratory  well. 


rercolaticn  deptli. 

Flow  in 

gallons  per  iiiiniit^'  tiiidcr 

a  head  of — 

1  foot. 

10  feet. 

20  feet. 

30  feet. 

20    10  X  1  

4.  762 

47.62 

95.  24 

142.86 

20    10  X  2  

8.  8097 

88.  097 

176.  191 

264.291 

20    H)  X  :5  

1 2.  Ku  \ 

128.  574 

257. 1 l« 

385. 722 

20    10  X  1  .  

k;.  !)o:.i 

161).  O.")! 

338. 102 

507.  15;? 

10  (iEOL,  VV  L* 


290 


MOVEMENTS  OF  GROUND  WATER. 


The  results  in  this  table  assume  that  the  flow  which  comes  from  the 
sandstone  below  the  bottom  of  the  well  is,  for  each  case,  10,  20,  and  30 
times  what  it  is  for  the  1-foot  pressure,  and  that  it  does  not  increase 
with  the  depth  of  the  well;  but  in  order  that  this  may  be  true  it  must 
also  be  assumed,  according  to  Slichter's  results,  that  there  is  always  a 
depth  exceeding  400  feet  of  sandstone  below  the  bottom  of  the  well. 
The  amount  of  water  coming  from  the  sandstone  below  the  bottom  of 
the  well  is  taken  as  15  2>er  cent  of  the  whole  amount  of  flow  at  the 
observed  depth  of  20  feet  10  inches. 

The  results  in  these  two  tables  appear  large  enough  to  agree  with 
many  of  the  observed  flows  from  other  wells  under  similar  conditions. 

Tlie  data  obtained  from  the  experimeut  and  from  the  aspirator  trials 
of  the  well  drillings  were  submitted  to  Professor  Slichter  for  him  to 
compute  the  theoretical  flow,  and  the  results  obtained  by  him  are  as 
follows:  Assuming  that  the  well  penetrates  the  whole  water-bearing 
bed,  the  flow  is  1,673  c.  c.  per  second,  but  if  the  lower  layer  of  the  well 
extends  indefinitely  below  the  bottom,  the  flow  is  increased  by  299.8  c.  c. 
per  second.  This  would  make  the  total  flow  4.181  cubic  feet  per 
minute,  which  is  too  large  by  the  amount 

4.181  —2.122  =  2.059  cubic  feet, 

or  is  about  double  the  observed  flow. 

In  the  table  of  theoretical  flows  on  page  284,  giving  the  results  for 
Problem  I,  Series  B,  a  6-inch  well  100  feet  deep,  in  200  feet  of  water- 
bearing sandstone,  coarser  than  that  in  which  the  observed  well  is 
located,  the  computed  flow  in  cubic  feet  i)er  minute  for  30  feet  of  pres- 
sure is  given  as  36.966  cubic  feet  per  minute,  while  that  computed  from 
the  observed  flow  is  56.02  cubic  feet  per  minute. 

FLOW  OF  WATER  INTO  DRIVE-WELL  POINTS. 

On  account  of  the  fact  that  drive- well  points  are  used  to  a  consider- 
able extent  in  well  construction,  it  appeared  desirable  to  have  some 
definite  observations  on  the  rate  of  flow  through  sands  into  these.  In 
order  to  get  results  relating  to  the  rate  at  which  water  may  be  dis- 
charged through  drive- well  points  three  pieces  of  apparatus  were 
constructed,  having  the  form  shown  in  fig.  52. 

These  pieces  consisted  of  three  of  the  Gould  well  points  'No.  50,  Ko. 
80,  and  No.  90,  with  screens  18  inches  long  and  with  an  inside 
diameter  of  IJ  inches.  Sections  of  6-inch  galvanized  iron  pipe  were 
provided  with  caps,  one  of  which  was  tapped  to  receive  the  well  point 
and  discharge  pipe  A,  a  supply  pipe  B,  and  a  cock  for  pressure  gage  0. 
The  upper  and  lower  ends  of  the  cylinders  were  connected  by  a  three- 
fourths-inch  pipe  D  to  introduce  water  at  both  ends,  and  the  open  ends 
of  these  pipes  were  covered  with  screens  to  prevent  the  entrance  of 
sand. 
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The  1^0.  50  apparatus  was  filled  with  a  screened  sand  having  a 
diameter  of  0.2941  mm.,  Ko.  80  with  a  similar  sand  having  a  diameter 
of  0.1717  mm.,  and  No.  90  with  sand  having  a  diameter  of  0.09531  mm. 


Fig.  52. — Apparattis  used  in  damonstrating  rate  of  discharge  from  drive-well  points.   A,  discharge; 

1>,  supply;  C,  pressure  gage. 

Under  these  conditions  the  flow  of  water  through  the  several  pieces 
was  measured  under  different  pressures  and  the  results  of  a  x^ortion  of 
these  trials  are  given  in  the  table  which  follows : 


Table  showing  the  ohserved  rate  of  flow  of  water  through  three  drive-well  points  under 

different  jyressures. 


Drive-well  point  Xo.  50. 


Drive-well  point  No.  80. 


Drive-well  point  Xo,  90. 


Mean 
pressure 
of  water. 

Mean 
discharge 
per 
minute. 

Flow 
divided 
by  pres- 
sure. 

Mean  | 
pressure 
of  water. 

Mean 
discharge 

per 
minute. 

Flow 
divided 
by  pres- 
sure. 

Mean 
])ressiire 
of  water. 

Mean 
discharge 

per 
minute. 

Flow 
divided  by 
pressure. 

Feet. 

Pounds. 

Feet. 

Pounds. 

Feet. 

Pounds. 

3.  646 

9.  63 

2.641 

4.  777 

4.475 

0. 9369 

9.256 

2.67 

0. 2885 

8. 958 

25.  6  i 

2. 862 

8. 104 

10. 960 

1.352 

21.  937 

.5.38 

.2452 

6. 895 

27. 185 

3.  972 

9. 5745 

12.  20 

1.275 

21.64 

6.  6625 

. 30795 

5. 337 

24.08 

4.572 

9.  928 

17.32 

1.745 

35.  35 

9.  25 

.2617 

11.  85 

42.72 

3.  668 

30.  723 

28.04 

.9576 

45.  38 

11.965 

.  2637 

16.91 

41.59 

2. 4655 

41.  735 

33.  22 

.7960 

45. 45 

14.  005 

.3083 

14. 945 

48. 645 

3. 275 

45. 366 

36. 346 

.8016 

55. 14 

15.  305 

.  2775 

12.69 

37. 07 

2. 969 

31.96 

25.97 

.  8125 

33.86 

IL  34 

.3349 

33.60 

9. 81 

.2940 

a  10. 153 

a  32.  07 

a  3.  29.55 

'a22.771 

1 

a  21.  066 

a  1.0846 

rt33.486 



a  9.  5995 

1 

a.  28686 

a  Average. 
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If  we  compare  tlie  mean  flows  divided  by  the  pressures  in  the  three 
cases,  they  stand 

No.  50.        No.  80.  No.  90. 

1    to    3.008    to  11.49 

while  the  squares  of  the  diameters  of  the  sand  grains  stand 

1    to    2. 932    to     9. 52 

showing  that  there  has  been  an  approximation  to  the  flow  as  expected 
from  the  laws  of  capillary  tubes. 

In  another  set  of  trials  the  following  relations  of  flow  to  pressure 
were  found,  the  time  of  flow  in  each  case  being  one  minute. 


TahJe  HlwwiiKj  ohscrced  rate  of  flow  of  icater  through  drire-well  i^oinis  under  different 

pressnren. 


No.  50. 

No.  80. 

No.  90. 

Flow  for  30-foot  pressure  

Flow  for  3-foot  pressure  

Pounds. 
56.  70 
5.  72 

Pounds. 
27.  97 
3.  82 

Pounds. 
10.  72 
.992 

If  the  flows  observed  in  the  first  table  are  expressed  in  cubic  feet  per 
minute  for  a  pressure  of  10  feet  they  will  stand,  for  No.  50,  0.52G8  cubic 
foot;  for  IsTo.  80,  0.1738  cubic  foot;  for  E^o.  90,  0.04596  cubic  foot. 

If  the  length  of  the  points  were  increased  to  10  feet,  then  the  flows 
would  be  for  10  feet  pressure,  for  one  minute,  ^o.  50,  7.024  cubic  feet; 
1^0.  80,  2.317  cubic  feet;  l^o.  90,  0.G128  cubic  foot. 

RATE  OF  PUMPING  FROM  DRIVE  WELL  COMPARED  WITH  RATE 

FROM  OPEN  WELL. 

Another  test  was  made  with  the  ^o.  50  well  point  by  connecting  it 
with  a  common  suction  pump  in  the  manner  represented  in  fig.  53,  so  that 
it  could  be  worked  under  more  nearly  normal  conditions  and  so  that  the 
working  of  the  pump  could  be  compared  with  open- well  conditions.  It 
was  found  that  a  point  of  this  size  could  not  deliver  water  to  the  pump  as 
rapidly  as  needed  when  worked  with  the  ordinary  speed  for  hand  serv- 
ice. The  cylinder  was  2^  inches  in  diameter  and  from  the  open  reser- 
voir would  fill  an  ordinary  pail  with  20  strokes;  but  when  the  water 
was  drawn  through  the  well  point  it  required  35  strokes  at  the  same 
rate  to  raise  the  same  amount  of  water,  while  the  labor  of  raising  it 
was  much  more.  The  increased  labor  was  due  to  the  fact  that  the 
water  came  in  too  slowly  to  fill  the  cylinder  behind  the  piston  as  rapidly 
as  the  piston  was  raised  and  as  a  vacuum  was  formed  behind  it. 
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The  drive-well  point,  with  pumps  to  be  worked  by  hand,  is  only 
adapted  to  circumstances  where  small  amounts  of  water  are  desired. 
Where  water  must  be  obtained  in  beds  of  loose  sand  with  the  larger 
forms  of  well  points,  having  diameters  sufficiently  large  to  permit  the 
suction  pipe  of  the  pump  to  be  placed  inside  of  them,  the  conditions 
become  the  same  as  those 
of  a  drilled  well  of  similar 
dimensions. 

It  must  be  remembered 
that  the  best  method  of 
increasing  the  capacity  of 
the  point  is  io  increase  its 
length.  Where  an  open 
well  can  be  dug  to  the 
water  and  then  one  or  two 
10  foot  lengths  of  6-inch 
points  sunk  belowthis  into 
the  water-bearing  beds,  so 
that  a  large  suction  pipe 
can  be  lowered  well  down 
toward  the  bottom  of  the 
casing,  large  quantities  of 
water  may  be  secured  if 
the  water-bearing  sands 
are  reasonably  coarse. 

It  is  never  desirable  to 
make  the  well  point  a 
part  of  the  suction  pipe  if 
considerable  quantities  of 
water  are  to  be  raised,  for 
the  reason  that  a  heavy 
shock  comes  upon  the 
pumj)  with  every  stroke, 
owing  to  the  necessity  of 
tilling  the  point  with  new 
water  from  the  ground  as 
rapidly  as  the  piston  is 
raised.  When  the  point 
is  larger  and  open,  the 
water  can  fall  outside  to 
relieve  the  shock  which 
otherwise  would  come  and 
there  is  less  chance  for  a 
shock  on  the  back  stroke 

•  1  •  FlO.  53.  — Apn;ir:itim  used  in  cruint.irin'r  tlic  rate  of  i)unii)iDg 

m  rai)i(l  ])Uinpin';-.  ,,1.  n 

'         '         1      ^  Ironi  a  dnvt!  \\  t  11  and  Itom       open  well. 
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THEORETICAL  IXVESTlGATIOxX  OF  THE  MOTION  OF 

GROUND  WATERS. 


By  Charles  S.  Slichtek. 


INTRODUOTIO^^^  AND  SUMMARY. 


The  following  pages  contain  a  theoretical  investigation  of  tbe  general 
problem  of  the  flow  of  water  through  porous  soils  or  rock. 

In  Chapter  I  an  attempt  is  made  to  derive  from  purely  theoretical 
considerations  an  expression  for  the  flow  of  water  or  other  fluid  through 
a  column  of  soil  made  up  of  grains  of  nearly  uniform  size  and  of  approxi- 
mately spherical  form.  For  the  purpose  of  constructing  this  formula, 
a  study  is  made  of  the  pores  of  the  ideal  spherical-grained  soil,  and  the 
relation  of  i^orosity  to  the  average  arrangement  of  the  grains  is  shown, 
and  made  a  factor  in  the  resulting  formula.  I  derive  as  the  formula  for 
the  quantity  of  water  per  second  transmitted  by  a  column  of  soil  the 
following  expression : 


in  which — 

<j  is  the  quantitj^  in  cubic  centimeters; 

p  is  the  difl'erence  in  pressure  at  the  ends  of  the  cylinder  in  centimeters 
of  water  at  4P  C. ; 

(I  is  the  mean  diameter  of  soil  grains  in  centimeters; 

.v  is  the  area  of  cross  section  of  the  cylinder  in  square  centimeters; 

//  is  the  height  of  the  column  of  sand  in  centimeters; 

fi  is  the  coefficient  of  viscosity  of  the  fluid; 
K  is  a  constant  taken  from  Table  II; 
[1.0094]  is  the  logarithm  of  a  factor. 

Measuring  7  in  cubic  feet,  p  in  feet,  //  in  feet,  s  in  square  feet,  and  d  in 
millimeters,  this  formula  becomes: 


7  =  [1.0004] 


cubic  centimeters  i)er  second, 


and  lor  water  at  10'^  C.  this  becomes 

</  =  [1.184(>|^^^'  '**cubi(;  feet  jXM-  minute. 


in  all  of  \vhi(;li  the  brackets  inclose  the  logarithm  of  a  factor. 
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I  also  attempt  to  derive  a  formula  for  determining  the  effective  size  of 
soil  grains  by  measuring  the  amount  of  air  that  an  aspirator  will  draw 
through  a  given  column  of  the  soil  in  a  given  time.  The  object  of  this 
work  is  to  make  possible  a  method  for  determining  the  capacity  of  a 
soil  to  transmit  water,  which  may  prove  simpler  and  more  satisfactory 
than  the  usual  method  of  soil  analysis  by  means  of  sieves  of  known 
mesh. 

I  derive  as  the  formula  for  determining  by  means  of  an  aspirator 
the  diameter  of  the  average-sized  soil  grain  in  a  given  sample : 

d''=^  [8.9434-101, 

spt  ^ 

in  which  t  is  the  time  in  minutes  necessary  to  draw  5,000  cc.  of  air  of 
temperature  20°  through  the  soil,  under  an  average  pressure  of  p  cm. 
of  water  at  20°.  The  constant  K  is  to  be  taken  from  Table  II,  d  and  h 
are  to  be  measured  in  centimeters,  and  s  is  to  be  measured  in  square 
centimeters. 

The  aspirator  method  of  determining  the  diameter  of  soil  grains  was 
first  suggested  by  Prof.  F.  H.  King,  and  it  was  at  his  request  that  I 
undertook  to  work  out  the  appropriate  formulas.  As  this  paper  goes 
to  press,  Professor  King's  paper  describing  his  method  of  soil  analysis 
has  just  appeared.  The  following  table,  taken  from  his  paper,^  may  be 
regarded  as  an  experimental  test  of  both  the  formulas  above  given: 

Table  showing  observed  and  computed  flow  of  water  through  simple  sands  of  different 
diameters  under  a  pressure  of  1  cm.  of  water. 


Grade  of 
sand. 


7- 
6. 
5i 
5. 
4. 
3. 
2. 
1. 
0. 


Diameter  of  grains. 


By  counting 
and  weighing. 


Mm. 
2.  755 

1.993 
1.588 
1.345 
1. 157 
.976 
.8017 
.6653 
.5824 
.4891 


By  aspiration 
of  air. 


2.54 
1.808 
1.451 
1.217 
1.095 
.9149 
.7988 
.7146 
.6006 
.5169 


Flow  of  water  through  the  sample. 


Observed. 


Grams. 
%  296 
1,080 

756 

542 

504.6 

329.2 

210 

138.6 
94.8 
72.3 


Computed 
from  aspira- 
tion diameter. 


Grams. 
2, 277 
1, 132 

757 

522 

453.2 

297.5 

193 

122 
80.6 
66.8 


Computed 
from  count 
and  weight 

diameter. 


Grams. 

2,  680 

1,  372 
909.1 
638.6 
499.6 
326.6 
194 
106.2 
75.7 
59.8 


1  r.  H.  King,  A  new  method  for  the  mechanical  analysis  of  soils:  Fifteenth  Ann.  Kept.  Agric. 
Exper.  Station  Univ.  Wisconsin,  Madison,  1898,  p.  123. 
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Professor  King  says  furtber: 

When  it  is  observed  that  the  llow  of  air  through  the  sample  of  sand  was  not  the 
identical  sample  through  which  the  flow  of  water  was  measured  and  that  it  was  ia 
a  different  piece  of  apparatus,  and  further,  that  tlie  flow  of  fluids  through  soils 
varies,  theoretically,  as  the  squares  of  the  diameters,  it  will  be  conceded  that,  while 
there  is  not  as  close  an  agreement  between  the  observed  and  the  computed  results 
as  could  be  wished,  the  agreements  are  so  close  as  to  show  that  for  such  materials 
there  is  much  more  than  a  chance  agreement.  It  will  be  seen  further  that  in  general 
there  is  a  closer  agreement  between  the  observed  flows  and  those  computed  from  the 
aspirator  diameters  than  with  those  computed  from  the  count  and  weight  diameters. 

In  Chapter  II  of  the  paper  I  investigate  the  general  problem  of  the 
movements  of  water  in  soils  and  rock.  I  find  that  the  problem  is  capa- 
ble of  mathematical  treatment,  and  I  show  that  the  question  is  analo- 
gous to  a  problem  in  the  conduction  of  heat  or  electricity,  or  to  any 
other  problem  iuvolviiig  a  transfer  of  energy.  I  show  that  there  exists 
in  the  case  of  ground- water  movements  what  is  known  as  a  potential 
function,  from  which  we  may  derive,  in  any  determinate  problem,  the 
velocity  and  direction  of  flow,  and  the  pressure  at  every  point  of  the 
soil  or  rock.  The  existence  of  the  potential  function  is  made  the  basis 
of  much  of  the  work  that  follows. 

Chapter  111  contains  applications  of  the  general  principles  established 
in  Chapter  II  to  ciises  in  which  the  flow  of  ground  waters  is  approxi- 
mately in  horizontal  planes.  The  problems  worked  out  are  mostly  of 
use  in  illustrating  qualitative  results  rather  than  of  application  to 
quantitative  problems.  It  is  shown  in  case  of  plane  motion  of  ground 
waters  that  the  lines  of  flow  and  lines  of  equal  pressure  always  consti- 
tute an  orthogonal  system  of  curves,  and  a  number  of  drawings  illus- 
trating this  point  are  given  in  the  text. 

In  Chapter  lY  I  attempt  to  discuss  some  cases  of  motion  of  ground 
waters  in  which  vertical  motion  takes  place.  In  the  discussion  of  these 
problems  the  fact  appears  that  a  change  of  pressure  may  be  brought 
about  throughout  a  water-bearing  medium  without  changing  the  level 
of  the  water  table,  and  the  conclusion  is  forced  upon  us  that  an  inter- 
ference with  wells  and  underground  water  supply  may  take  place  with- 
out much  general  disturbance  of  the  water  table  in  the  immediate 
neighborhood  of  the  disturbed  wells  and  shortened  underground  supply. 

The  problem  of  the  flow  of  wells  is  discussed  in  Chapter  V.  The 
formula  found  for  the  capacity  of  an  artesian  well  which  completely 
penetrates  the  water-bearing  strata  is  as  follows: 


in  which  h  is  the  amount  in  feet  that  the  water  is  lowered  by  pumping, 
r  is  tlie  radius  of  the  well  in  feet,  and  ai,  cii,  .  .  .  are  the  thicknesses 
in  feet  of  the  various  strata,  and  Ai,  Ici^  .  .  .  are  the  constants 
depending  upon  the  transmission  capacity  of  the  various  strata.  The 


/  = 


27r  li  {Ic^ax  4-  ^'2^2  +----) 
loge  (l  +  OOO/r)  ' 


(uibic  feet  per  minute. 
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symbol  loge  calls  for  the  natural  or  hyperbolic  logarithm.  It  is  also 
shown  that  the  capacity  of  a  well  is  not  largely  influenced  by  the  size 
of  the  bore,  except  as  the  flow  is  controlled  by  pipe  friction. 

The  flow  from  a  well  which  does  not  comi^letely  pass  through  the 
water-bearing  strata  is  found  to  be  given  by  a  formula  similar  to  the 
above,  but  containing  the  additional  term — 

2.57r  \lir^ 

in  which  Ic^^  is  the  transmission  constant  for  the  bottom  stratum. 

The  interference  of  two,  three,  and  several  wells  with  one  another  is 
investigated  and  results  are  given  in  tabular  form,  illustrating  the  con- 
clusions reached.  Diagrams  of  lines  of  flow  are  given  for  several 
cases,  and  a  method  is  explained  by  which  the  lines  of  flow  into  any 
number  of  interfering  wells,  however  placed,  may  be  constructed  upon 
the  drafting  board. 


CHAPTEK  I. 


IIA.WS  OF  THE  RECTIEIKEAR  FEOW  OF  GROUND  A\  ATER 

THROITGH  A  SOIE. 

1.  The  rectilinear  flow  of  a  viscous  fluid  through  a  soil  made  up  of 
grains  of  nearly  uniform  size  and  of  approximately  spherical  form  will 
now  be  investigated.  It  is  true,  of  course,  that  few  water-washed  sands 
actually  approach  the  condition  of  uniformity  of  size  and  sphericity  of 
form  that  it  will  be  necessary  to  hypothecate  for  the  ideal  soil  which  is 
to  be  made  the  subject  of  investigation  in  this  chapter.  Nevertheless, 
in  taking  account  of  the  important  elements  of  structure  in  a  medium 
which  is  made  up  of  a  mass  of  spheres,  we  are  probably  considering  in 
their  due  proportion  the  different  factors  that  control  the  water  move- 
ments in  a  well- sorted  sand,  and  notwithstanding  the  great  variety 
in  the  sizes  and  arrangements  of  contiguous  grains  in  a  natural  sand, 
there  probably  exists  a  tendency  in  every  such  soil  toward  a  certain 
average  size  and  mean  arrangement  of  grains  which  the  theory  of 
probabilities  would  justify  us  in  setting  up  as  an  ideal  soil  to  replace  a 
given  soil  in  the  investigation  of  its  hydraulic  properties.  It  would 
probably  be  admitted  that  no  matter  how  complex  a  soil  may  be,  there 
exists  a  certain  ideal  soil  of  uniform  spherical  grains  that  will  transmit 
under  given  conditions  the  same  amount  of  water  that  would  be  trans- 
mitted by  the  comi)lex  soil.  The  size  of  the  grains  of  this  ideal  soil  of 
same  transmission  capacity  as  the  complex  soil  we  shall  call  the  eflect- 
ive  size"  of  grain  of  the  complex  soil.  How  far  a  soil  may  retain  its 
complexity  and  irregularity  and  yet  be  reydaceable  for  hydraulic  pur- 
poses by  an  ideal  soil  of  uniform  spherical  grains  can  be  determined 
only  by  experiment. 

It  is  certain  that  no  theoretical  investigation  which  does  not  take 
account  of  the  various  degrees  of  porosity  that  may  be  shown  by  the 
same  soil  under  difl'erent  circumstances  can  be  complete.  On  the  other 
hand,  I  shall  bo  amply  satisfied  with  the  results  of  the  investigation 
of  this  chapter  if  it  shall  lead  to  an  a])i)roximatcly  correct  expression 
for  that  factor  in  the  formula  of  flow  wliich  depends  alone  upon  tlie 
porosity  of  the  soil. 

Supi)ose  tliat  we  have  a  cylinder  of  cross  section  s  and  of  height 
filled  with  a  soil  of  tlie  kind  described,  and  let  the  two  ends  of  the 
cylinder  be  of  a  material  (as  wire  gauze)  permitting  the  free  passage 
of  water  or  other  fluid.    We  shall  investigate  the  flow  through  the 
cylinder  when  a  given  ditfercnce  ol"  pressure  is  maintained  at  tlie  ends. 
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2.  The  fluid  must  pass  from  one  end  of  the  cylinder  to  tbe  other 
through  pores  which  are  approximately  triangular  in  section.  The 
size  of  these  pores  depends  both  upon  the  size  of  the  grains  and  upon 
the  compactness  of  the  packing  of  the  material.  In  order  to  study  the 
nature  of  the  pores,  we  may  separate  out  from  the  mass  of  the  soil 
eight  contiguous  grains  in  such  manner  that  the  lines  joining  their 
centers  form  an  equilateral  parallelopiped  or  rhombohedron,  as  repre- 
sented in  fig.  54,  in  which  the  white  rods  mark  the  position  and  direc- 


FiG.  54. — Unit  element  of  a  mass  of  spheres  packed  in  the  most  compact  manner  possible.  Face  angles 

60°  and  120°. 

tion  of  two  of  the  pores.  By  studying  the  properties  of  the  pores  of 
this  rhombohedron  we  may  arrive  at  the  properties  to  be  assigned  to 
the  pores  of  the  entire  mass  of  soil,  since  this  rhombohedron  consti- 
tutes the  element  of  volume,  or  the  unit  element,  which,  if  repeated,  will 
give  the  entire  mass  of  soil. 

If  the  grains  of  soil  are  arranged  in  the  most  compact  manner  pos- 
sible, each  grain  will  touch  surrounding  grains  at  twelve  points,  and 
the  element  of  volume  will  be  a  rhombohedron  having  face  angles 
equal  to  60^  and  120^.    If  the  grains  are  not  arranged  in  the  most  com- 
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pact  manner  the  rboraboliedron  will  have  its  face  angles  greater  than 
60°,  and  each  sphere  will  touch  other  spheres  in  but  six  points,  but 
will  nearly  touch  in  six  other  points.  The  most  open  arrangement  of 
the  soil  grains  which  is  possible  with  the  grains  in  contact  is  had  when 
the  rhombohedron  is  a  cube. 

Fig.  5G  represents  a  section  of  four  spheres  x»acked  in  the  closest  man- 
ner possible,  and  fig.  57  represents  a  similar  section  when  the  packing  is 


Fig.  55.— T'nit  element  of  a  mass  of  spheres  packed  in  tlic  most  compact  manner  possible.  Face  angles 

90^,  60^,  and  120o. 

not  so  close.  In  fig.  50  the  angle  6  is  00^,  and  in  tig.  57  H  is  about  05°. 
Fig.  54  represents  a  perspective  view  of  eight  spheres,  which  are  packed 
together  in  the  (^lo.sest  manner  possible.  All  eight  faces  of  the  mass 
shown  in  tliis  diagram  are  alike,  each  face  being  made  up  of  four 
spheres,  whiitii  form  a  rhombus  of  face  angles  (>0^  and  120^.  Fig.  55 
shows  eight  spheres  placed  together  in  the  most  compact  manner  ])os- 
siblc.  ill  w  lii(;li  tli(*  fa(;es,  however,  are  not  all  rhombuses,  but  in  which 
two  o|»j)osite  faces  are  made  up  of  lour  si)heres  arranged  at  tlie  corners 
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of  a  square,  the  other  six  faces  being  the  same  as  in  fig.  54.  Fig.  55  is 
essentially  the  same  as  fig.  54,  as  the  arrangement  in  fig.  55  can  be  made 
from  the  arrangement  of  fig.  54  by  displacing  the  upper  spheres  one 
place,  leaving  the  lower  spheres  unchanged.  Three  plane  sections  of 
the  arrangement  shown  in  fig.  54  will  give  a  square  arrangement  of  four 
spheres,  two  of  these  sections  passing  through  diagonally  opposite 
edges  of  the  rhombohedron,  and  one  section  passing  through  the  simi- 
lar diagonals  of  a  pair  of  opposite  faces,  section  of  the  arrange- 
ment shown  in  fig.  55  will  give  a  square  arrangement  of  spheres,  these 
square  arrangements  occurring  as  faces  in  this  case. 

Fig.  58  shows  the  rhombohedron  formed  by  joining  the  centers  of 
the  spheres  of  fig.  54.    Fig.  59  shows  the  interior  or  unoccupied  space 


Fig.  56. — Section  of  four  contiguous  spheres  in  most  compact  packing  of  a  mass  of  spheres. 


of  the  rhombohedron  of  fig.  58.  It  is,  in  fact,  a  plaster  cast  of  the  inte- 
rior of  the  solid  shown  in  fig.  58.  If  the  solid  shown  in  this  figure  be 
repeated  in  all  the  directions  of  space,  the  continuous  pores  of  a  mass 
of  spheres  will  be  represented. 

If  we  imagine  a  soil  made  up  of  particles  arranged  so  that  the  lines 
joining  their  centers  form  cubes,  the  percentage  of  open  space  to  the 
whole  space,  or  the  so-called  porosity,  can  be  found  by  dividing  the 
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diiference  between  the  volume  of  a  sphere  and  the  volume  of  the  cir- 
cumscribed cube  by  the  volume  of  the  circumscribed  cube,  which  gives 


Fig.  57.  —Section  of  four  contiguous  spheres  in  a  somewhat  open  packing  of  a  mass  of  spheres. 

a  porosity  of  47. G4  per  cent.  If  the  particles  are  arranged  as  com- 
pactly as  possible,  as  in  fig.  54,  the  percentage  of  pore  space  can  be 


Fio.  .'>8.— Unit  rhombohfdrori  formed  by  I)a.s3ijijr  planes  tlirou;:h  llio  centers  of  eight  coiit iLCnous 
Hpliere.s  in  tlie  most  com|>a<  t  packing  of  a  mass  of  aplKnes. 

found  by  dividing  the  difference  between  tlie  volume  of  a  sphere  and 
tlic  volume  of  tlie  rhombohedron  whose  acute  face  angles  are  GO^,  and 
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whose  edges  equal  the  diameter  of  the  sphere,  by  the  volume  of  this 
rhombohedron,  which  gives  a  porosity  of  25.95  per  cent.  This  fact  is 
shown  nicely  by  considering  that  the  pieces  of  eight  different  spheres 
which  make  the  rhombohedron  of  fig.  58  can  be  placed  together  so 
as  to  make  the  sphere  shown  in  fig.  60.  It  is  plain  that  the  eight 
pieces  would  make  a  complete  sphere  even  if  the  face  angle  6  had  not 
the  value  60°,  but  had  any  other  value  less  than  90°,  If  we  measure 
the  porosity  of  a  soil  composed  of  grains  of  nearly  uniform  size,  we 
shall  find  a  large  variation  in  the  results,  depending  largely  upon  the 
manner  in  which  the  soil  was  packed^  but  usually  the  porosity  will  lie 


Fig.  59. — Unit  element  of  the  pore  space  in  a  mass  of  spheres  packed  in  the  most  compact  manner 
possible.  A  plaster  cast  of  the  interior  of  the  rhombohedron  of  lig.  58.  The  spheres  were  not  quite 
in  contact,  their  surfaces  being  separated  about  one-half  centimeter. 

within  the  limits  that  we  have  pointed  out.  The  porosity  of  the  ele- 
ment of  volume  of  the  ideal  soil  depends  upon  the  acute  face  angle  of 
the  faces  of  the  rhombohedron.  If  a  given  soil  shows,  on  measuring, 
a  porosity  equal  to  we  may  assume,  by  the  theory  of  probabilities, 
that  the  element  of  volume  which  has  porosity  m  occurs  in  that  soil 
more  times  than  an  element  of  volume  having  any  other  porosity,  and 
indeed  we  may  assume  that  the  actual  soil  is  replaced  by  an  ideal  soil 
which  has  all  of  its  elements  of  volume  of  constant  porosity  or  what 
is  the  same  thing,  of  a  constant  face  angle  6. 

3.  It  is  necessary  to  determine  the  relation  between  the  face  angle  6 
and  the  porosity  w. 
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If,  in  fig.  01,  O  H  be  a  rliomboliedron  with  vertices  at  the  centers  of 
eight  contiguous  spheres,  each  side  of  the  spherical  triangle  A  B  D 
will  equal  6.    From  the  right-angled  triangle  A  B  C  we  may  derive 


sm  0  2,  cos  6 

sin  a  =  .,  V  a — - ' 

1 4-  cos  6 


(1) 


in  which  a  stands  for  tbe  angle  BOO. 

Since  the  area  of  tbe  base  of  the  rbombohedron  is  (V  sin  0^  and  since 
the  altitude  h  equals  d  sin  a,  we  have  tbe  volume  of  the  rbombohedron 
equal  to 

d?  (1 1.  cos  0)  V  1  +  2  cos  ^.  (2) 

Subtracting  from  this  the  volume  of  a  sphere  of  diameter  we  derive 
the  amount  of  open  space  in  the  element  of  volume,  and  dividing  tbis 


Fio.  60.— sphere  formed  Irom  the  eight  pieces  of  eight  spheres  which  constitute  the  uuit  rhombohe- 

dron  showu  in  fig.  58. 

difference  by  the  volume  of  tbe  rliombohedron  we  obtain  the  porosity 
as  a  percentage  of  the  wbole  volume.  Oalliug  tbis  percentage  iw,  as 
above,  we  derive 

 "LL^   (3N 

(l_cos  ^)  VI +  2  cos  ^  ^  ^ 

To  derive  H  when  m  is  given,  we  must  solve  the  cubic  equation 

2  co8^  n  -  cos^ '/  +  1  -  =  c  (4) 
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The  following  table  contains  the  values  of  6  derived  from  the  above 
equation  corresponding  to  values  of  m  between  26  and  47  per  cent. 

Table  I. — Belation  of  porosity  m  to  face  angle  B. 


e 

6 

0 

0 

26 

60 

2 

37 

68 

18 

27 

60 

41 

38 

69 

17 

28 

61 

18 

39 

70 

20 

29 

61 

55 

40 

71 

28 

30 

62 

36 

41 

72 

43 

31 

63 

18 

42 

74 

3 

32 

64 

3 

43 

75 

32 

33 

64 

49 

44 

77 

10 

34 

65 

37 

45 

79 

6 

35 

60 

27 

46 

81 

25 

36 

67 

21 

47 

84 

59 

4.  As  before  stated,  the  pores  through  ideal  soil  are  capillary  tubes  of 
approximately  triangular  cross  section.    The  length  of  these  capillary 


H 


EiQ.  61. — Diagram  showing  the  metrical  properties  of  the  unit  rhombohedron. 

tubes  is  evidently  greater  than  the  length  of  the  column  of  soil.  In 
fact,  if  the  length  of  the  soil  column  be  //,  fig.  61  shows  that  the  length 
of  a  pore  through  which  a  particle  of  fluid  must  i^ass  is  li  sec  or 

7^(l  +  cos^) 

■  ^         ,  ^.^-^.^  .  (o) 

sin  2  cos  6* 

if  we  assume  that  the  pore  follows  a  straight  line,  as  A  B  0  in  fig.  62  or 
64,  or  the  white  rods  in  fig.  54.  The  central  line  of  the  triangular  pore 
actually  follows  a  line  that  is  slightly  curved,  although  following  the 
general  direction  of  the  straight  line  ABC.    The  actual  course  of  the 
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central  Hue  of  the  x>ore  is  shown  by  the  curved  line  A  H  B  K  G  of  fig. 
64,  which  figure  is  drawn  to  scale  for  the  case  of  the  most  compact  pack- 


Fig.  G2. — Diagram  sliowin<;  the  course  of  the  pores  through  tlie  unit  rlioiiibohedron. 

ing  of  the  spheres,  the  augle  A  T  U  being  about  70°.  The  curved  line 
in  this  case  is  about  1.065  times  the  length  of  the  straight  line  ABO. 

7t 

Inasmuch  as  the  maximum  value  of  ^  is  2         its  minimum  value  is 

7t 


2  ,  we  may  say  in  general  that  the  curved  line  is 


1  + 


.()65_(7r/2  —  d) 

^/6 


(6) 


times  as  long  as  the  straight  line.  Beducing  this  last  expression  to  the 
form 

1.195  -  .39  din,  (7) 
and  representing  the  lengtli  of  the  curved  pore  by    we  get 

h  (1  +  cos  6) 


sin    V  1  +  ^  cos 


(1.195  -  .39  d[n\ 


(8) 


5.  Tlie  area  of  the  cross  sec'tion  of  a  trianguhir  i)ore  can  be  found  by 
subtracting  tlie  area  of  tlie  circle  from  that  of  the  rhombus  shown  in 
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fig.  57  and  dividing  the  result  by  2.  This  gives,  in  terms ,  of  the  con- 
stants already  used, 

This  is  the  area  of  the  smallest  section  of  the  pore.  The  percentage 
of  free  or  unoccupied  area  in  this  section  of  the  soil  is  found  by  dividing 
the  double  of  this  result  by  the  area  of  the  rhombus  shown  in  fig.  57. 


Fig.  o3. — Tlie  interior  of  the  unit  rliombolieclron,  showing  the  curved  axis  of  the  triangular  pore. 

This  gives,  if  n  represents  the  per  cent  of  unoccupied  area  in  the  section, 
the  expression 

sin6'--7r/4 

n  =  : — =  1  —  7r/4  CSC  6.  (9) 

sm  6 

The  pore  enlarges  slightly  in  area  as  it  follows  the  surfaces  of  the 
spherical  soil  grains,  and  then  diminishes  again  to  its  former  value. 
This  is  shown  by  fig.  59.  The  pores  between  the  spheres  are  shown  in 
section  in  the  i^lanes  L  O  P  Q  and  M  S  R  of  fig.  62,  which  figure  is  an 
attempt  to  represent  fig.  58  diagrammatically.  It  is  seen  that  each  ele- 
ment of  volume  contains  two  pores,  one  following  the  line  ABO  aud 
the  other  the  line  C  B'  AMn  fig.  62,  or  following  the  two  white  rods 
shown  in  fig.  54.  At  A  the  section  of  the  pore  is  a  minimum,  but  it  gradu- 
ally enlarges  and  then  diminishes  again,  and  is  again  a  minimum  when 
the  line  ABO  pierces  the  plane  L  R  at  the  point  B.  It  again 
enlarges  as  we  pass  along  B  0,  but  diminishes  again  to  a  minimum  at 
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C.  For  the  arrangement  of  spheres  shown  in  fig.  62,  the  angle'  between 
the  plane  L  N  R  and  either  the  upper  or  lower  base  of  the  rhombohe- 
dron  is  about  70°,  so  that  the  pore  enlarges  from  its  minimum  to  its 


c  u 


T  A. 

Fig.  64. — Diagram  showing  the  metrical  i)ropertie.s  of  the  curved  axis  of  a  triangiilar  pore. 


maximum  section  while  passing  over  about  35o  of  angular  distance  on 
the  sphere,  as  is  shown  in  fig.  60. 

The  mean  area  Am  of  the  triangular  section  shown  as  T  S  R  in  fig.  65 
can  be  found  by  well-known  methods  of  the  calculus.^ 

Fig.  66  shows  the  radii  of  the  inscribed  circles  of  the  triangles  whose 
mean  value  is  desired.    In  figs:  65  and  66: 

A  B  =  2  r,  A  D  =  r  V.s, 

AO  =  2r^3,        EO  =  (§V3-l) 
A.    =  area  of  A  R  S  T  =  3  V3  Q  e', 
A,     =3^3  P  Q', 

in  which  A?  stands  for  the  area  of  the  equilateral  triangle  which  has 
1*  Q  for  radius  of  inscribed  circle.    From  the  ecjuation  of  the  circle 


'  This  is  the  angle  A  T  TJ  of  fig.  64. 

^See  Benjamin  Williamson,  Integral  Calculus,  fjtlied.,  New  York,  1888,  p.  346. 
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E  K  (which  is  a  section  of  a  soil  grain  of  radius  r)  we  derive  the  value 
of  any  abscissa  P  Q  to  be 

x=%rVs  —  Vr^  —  y^^  (10) 
Hence  the  mean  value  of  the  area  of  the  cross  section  may  be  found 
from  the  formula 

A.=^j:^f(.)^. 

=       V3-2  7r)r^ 
•  ■  =  (0.2118)  rK 

The  area  of  the  triangle  T  K  S  is 

A,  =  (7  a/ 3"-  12)  r2  =  .1247 

and  the  area  of  the  concave  "  spherical"  triangle  D  F  G  is 

Ap-  =  (  V3  -  7T/2)     =  .1G13  r? 

The  effective  area  of  the  triangular  section — that  is,  the  area  in  the 
shape  of  the  equilateral  triangle  which  will  transmit  the  same  amount 


(11) 

(12) 
(13) 


Fig.  65. — Diagram  showing  the  metrical  properties  of  cross  section  of  a  triangular  pore.   E  desig- 
nates the  intersection  of  A  O  and  T  R. 
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of  liuid  that  the  pore  of  section  D  F  G  transmits — is  intermediate  to 
these  two  values.  The  difference  between  the  two  areas  is  .036G  r'^,  and 
as  the  mean  should  be  taken  nearer  to  .1613  than  to  .1247  r^,  I  have 
adopted  .1475  r'^  as  the  probable  value  of  the  mean,  although  a  slight 
increase  or  decrease  in  this  value  might  be  made.  The  area  of  the  pore 
of  mean  section  .2118  r-  is  of  about  43  per  cent  greater  area  than  the 
value  .1475  just  adopted  as  the  area  of  the  minimum  section  of  the 
triangular  pore. 

6.  Before  proceeding  further  with  the  problem  before  us  we  must 
give  attention  to  the  tiow  of  liquids  through  capillary  tubes  of  various 
cross  sections.  The  formula  for  the  flow  through  a  tube  of  circular 
section  is 


(14) 


in  which  /  is  the  discharge  in  cubic  centimeters  per  second,  a  is  the 
radius  of  the  tube,  I  its  length,^  is  the  difl'erence  in  pressure  at  its 
ends  in  dynes  per  square  centimeter,  and  //  is  the  coefficient  of  vis- 
cosity of  the  liquid.    The  law  of  flow  expressed  by  this  formula  is 


Fig.  6G.— Diagram  showing  the  variation  in  the  cross  section  of  a  triangular  pore.  This  figure  rep- 
resents a  section  made  by  i)assing  a  plane  through  the  line  A  E  O  of  fig.  65  perpendicular  to  the 
plane  of  the  paper.  A,  O,  and  E  correspond  to  the  points  designated  by  same  letters  in  fig.  65. 
O  is  the  center  of  the  triangle  li  S  T  of  fig.  65. 

known  as  the  Poiseuilleian  law,  announced  as  the  conclusion  of  his 
exi)erimental  work  by  Poiseuille  in  1840-1842,  and  afterwards  derived 
from  purely  theoretical  considerations,  as  now  given  in  Basset',s  Hydro- 
dynamics, 1888,  Volume  II,  page  304,  and  in  Lamb's  Uydrodynamics, 
1895,  page  520.  If  A  is  the  area  of  cross  section,  this  formula  may  be 
written 


S  TT  pi  r 


and  the  mean  velocity  of  the  fluid  in  the  tube  is  given  by 


V  =  ' 

S  71  /A  I 


=  (0.03979) 


p  A 
Ml' 


(15) 


(IC) 
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7.  For  tubes  of  other  tlian  circular  section  GreenliilP  has  shown 
that  the  expression  for  the  velocity  of  a  viscous  liquid  at  any  point  in 
the  cross  section  can  be  found  if  the  motion  of  a  frictionless  liquid 
relative  to  the  boundary  is  known  for  a  rotating  prismatic  or  cylin- 
drical vessel  of  the  same  form  of  section.  As  problems  of  prisms  of 
various  sections  rotating  in  a  perfect  liquid  have  been  worked  out  by 
means  of  conjugate  functions,^  it  is  possible,  because  of  this  discovery 
of  Greenhill,  to  write  down  at  once  solutions  for  problems  in  the  flow 
of  viscous  fluids  through  tubes  of  various  kinds.  The  method  is  as 
follows :  If  represents  the  current  function  ^  due  to  the  rotating  cyl- 
inder, then  %i,  the  velocity  parallel  to  the  axis  of  the  tube  at  any  point 
of  the  cross  section,  is^  for  a  viscous  liquid  flowing  through  the  tube, 

U=f-^  GO  {x'  +  if).  (17) 

If  this  result  is  not  zero  at  the  boundary  of  the  tube  a  constant  must 
be  added  to  render  it  so.    Throughout  the  result  we  must  substitute 

M  =  2  G9,in  which  M         P  being  the  difference  in  pressure  at  the  ends, 

fjL  the  coefficient  of  viscosity,  and  I  the  length  of  the  tube. 
These  results  come  about  from  considering  that  ip  must  satisfy 

'di''     dy^  =  ^'  (^^) 
and  that  this  equation  is  changed  by  substitution  (17)  to  the  form 

d^u  ,  d-u     ^  ^ 

while  the  equation  for  the  flow  of  a  viscous  fluid  through  a  capillary 
tube  is  of  the  form 

d^u  d^u 

^  +       +  M  =  0.  (20) 

8.  For  an  equilateral  triangular  prism,  having  radius  of  inscribed 
circle  a,  we  have  from  hydrodynamics 


4 


6a 

and 


^  =  -  -  ^^f)  (21) 


in  which  y  are  the  distances  of  a  point  from  the  three  sides  of 

the  triangle  and  Ji  is  the  altitude.  The  equations  of  the  sides  of  the 
triangle  are 

,     X-  a  =  0,x  +  y  V'^  +  2a  =  0,x  -y  y/3  +  2a  =  0.  (23) 

1  Proceedings  London  Math.  Society,  Vol.  XHI,  1881,  p.  43. 

2  Basset,  Hydrodynamics,  Vol.  I,  p.  91;  Lamb,  Hydrodynamics,  p.  73. 

3  Basset,  Hydrodynamics,  Vol.  I,  p.  11;  Lamb,  Hydrodynamics,  p.  70;  Sampson  on  Stokes's  Current 
Function;  Phil.  Trans.  A.,  1891. 

"1  Lamb;  Hydrodynamics,  pp.  93,  523 
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The  Ilux  per  second  is 

rr    ,    ,        27  pcv^  p 
J  =  jj  u     cUj  =  =  (24) 

in  which  A  is  the  area  of  the  cross  section  of  the  triangular  cylinder. 
The  mean  velocity  is  found  by  dividing  the  Ilux  by  A  and  gives 

-  =  2o''vfe St-  f^'^) 

The  mean  velocity  for  a  circular  tube  of  equivalent  area  of  cross  section 
was  found  above  to  be  about  38  per  cent  more,  or 

(0.03979) 

9.  For  an  elliptical  cylinder  '  we  have 


Whence 


Also 


2  /i  I       +    J  \  by  ^ 

f—    P      TT    p  A'^ab 


From  this  we  derive  the  average  velocitj^, 

p       A  ab 

4:  Tt  jd  I  d^  +  ¥ 


_  p  A    yf\  — 
_  p  A       cos  8 


(29) 
(30) 


4  TT  /(  ^  1  +  COS'^  6 

in  which  0  is  the  angle  of  projection  of  the  ellipse  from  the  circle 
ji^  -\-  y-  =  ((^^  so  that  sin  ^  =    the  eccentricity. 

A  remarkable  conclusion  from  this  analysis  is  the  fact  that  the  flow 
through  an  elliptic  tube  is  but  slightly  different  from  the  llow  through 
a  circular  tube  of  the  same  area  of  cross  section,  provided  that  the 
eccentricity  is  not  too  great.  Even  an  eccentricity  of  0.8GG  will  change 
the  flow  by  but  10  i)er  cent,  and  an  eccentricity  of  one-half  will  reduce 
the  flow  by  about  one-half  of  1  per  cent.  Thus  it  is  clear  that  a  slight 
change  in  the  shape  of  tlie  cross  section  of  a  tube  will  change  but 
slightly  the  th)w  tlirough  it.  Analogy  warrants  us  in  extending  this 
truth  to  tubes  having  otlier  than  ellii)tical  sections.  For  exami)le,  we 
may  conclude  that  the  flow  through  a  tube  whose  section  is  an  oblique 
triangle  is  given  api)n)ximately  by  the  formula  for  a  tube  whose  section 
is  an  equilateral  triangle  of  the  same  area,  even  though  the  shape  of 
the  secttion  of  the  given  tube  differs  slightly,  or  even  materially,  from 
that  of  an  equilateral  triangle. 


'  L.iiiil),  H  vdrod yiiaiiiics,       9;!,  r)'23. 
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10.  The  velocity  of  flow  through  a  tube  of  variable  section  will  be 
less  than  the  velocity  of  flow  through  a  tube  having  a  uniform  section 
equal  to  the  mean  section  of  the  first  tube,  because  of  the  viscosity  or 
internal  friction  of  the  expanding  or  contracting  stream.  We  shall 
now  determine  approximately  the  retarding  influence  due  to  such  con- 
traction or  expansion. 

For  a  tube  of  uniform  triangular  section  we  may  write,  if  a  is  the 
radius  of  the  circle  inscribed  in  the  triangular  section, 

w^=-^;,  (31) 

by  expressing  A,  the  area  of  cross  section  in  equation  (25),  in  terms  of 
the  radius  of  the  inscribed  circle.  Makiug  the  supposition  that  the  dis- 
tance OH  (fig.  66),  through  which  expansion  of  the  pore  or  tube  takes 
place,  is  one  half  the  radius  of  the  sphere,  and  expressing  all  distances 
in  terms  of  OE  or  a,  we  have 

and 

_  HK2  _  7  +  4  \/3 


(32) 


V2     OE'  4 

if  =  velocity  at  OE  and  V2  =  velocity  at  HK,  fig.  66.  Therefore,  rep- 
resenting the  increment  of  velocity  by  /I 

.  /HK2-EO^\     3  +  4\/3      .10  ,00, 


HK^  +  li 

The  retarding  influence  on  any  plane  in  a  viscous  liquid  is  ju  times 
the  variation  in  velocity  normal  to  the  plane. ^  The  normal  variation  of 
velocity  in  this  case  is  approximately 

Therefore  the  retarding  influence  exerted  on  the  liquid  while  flowing 
from  minimum  section  to  minimum  section  is 

Av 

because  the  retardation  is  experienced  both  when  the  stream  is  con- 
tracting and  when  it  is  expanding. 
Since 

we  have  as  a  corrected  value  of      (see  equation  (31)  above), 

jP      20        ,o..^V  .oa^ 

r=  3-^ 


1  Lamb,  Hydrodynamics,  p.  512. 
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From  fig".  65, 

.ir  or  Jl  =  ~   (37) 

2(2  V3- 3)  ^ 

Therefore,  substituting  from  (37)  and  (33)  into  (36), 

f  =  W  +      *      -     V3)  =         +  f  (0..340).  (38) 


From  this  we  find  that 


20  yu?(H- 0.0651a)'  ^  ^ 


As  this  differs  little  from 


3  pa"^ 
20  Jd' 


which  is  the  value  of  v  written  in  (31)  above,  the  retardation  is  negli- 
gible. 

11.  We  now  have  sufficient  data  to  enable  us  to  determine  the  tiux 
and  the  mean  velocity  of  flow  of  a  fluid  through  a  mass  of  soil.  In  sec- 
tion 5  we  found  the  mean  cross  section  of  a  pore  to  be  about  43.5  per 
cent  greater  than  the  minimum  cross  section.  We  also  noted  in  sec- 
tion 8  that  the  flow  through  a  circular  tube  is  greater  than  the  flow 
through  a  triangular  tube  of  same  area  of  cross  section  by  about  38  per 
cent.  By  converting  the  triangular  pore  into  a  uniform  circular  pore 
of  the  same  area  as  the  minimum  section  of  the  triangular  pore,  we 
should  fall  short  about  5.5  per  cent  of  making  the  true  correction. 
However,  by  considering  the  pore  to  be  straight  instead  of  curved,  as 
shown  in  fig.  63,  we  have  made  another  error  of  almost  exactly  the 
same  amount  but  in  the  opposite  direction.  Therefore  by  converting 
the  area  of  the  minimum  section  into  a  circular  section  and  dropping  the 
correction  to  the  length  of  a  pore  previously  determined  (equation  6), 
we  may  permit  the  two  errors  to  neutralize  each  other,  and  simplify 
the  resulting  formula.  The  area  of  minimum  section  we  have  found  to  be 
(see  section  5) 

(sin  e-7r/^)d^ 
2 

Calling  this  the  area  of  a  circular  pore,  we  have  as  the  mean  velocity 
from  section  6, 

III  section  4  we  found  the  length  of  tlie  ])ore,  if  considered  to  be 
straiglit,  to  equal 

^  _     /<(i  -h  cos/y)  _ 

~  sin  H^i  ^  2  co86 


19  GEOL,  PT  1'  LM 
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Therefore  equation  (40)  becomes 

^  ^  /'sill  ^ yi  +  2  cos  ^(sin  6  —  7r/4)^^ 

IGttM  V  1  +  cos^  /  ^  ^ 

If  the  section  of  the  cylinder  containing  the  soil  be  we  have  the  per- 
centage of  open  space  in  a  cross  section,  from  equation  (7)  above, 

(sin(9  —  7il4:)s 
sm^ 

Multiplying  v  by  ns^  we  derive  for  the  flux  per  second 

pd^s   /Vl  -f  2  cos6'  (sin6' — 7r/4)2\ 
~  WTTMh  V  1+cos^  J 

_  pdH  (  a/1  +  2  cos6^(1  -  cos(9)  (sin^  —  7r/4)^\ 
~167r7r/tV  sin^(9  ^y*  ^  ^ 

Substituting  the  value  of  (1  —  cos  ^)  V  1  +  2  cos  d  from  (3)  and  plac- 
ing B  for  1/(1 —  7r/4  csc^)^,  we  get 

•^=96MB(1  — m)'  ^ 

Taking  <7  equal  to  981  dynes  and  measuring  the  pressure  p  in  terms 
of  centimeters  of  water  at  4°  0.,  we  have  the  formula 

q  =  [1.0094]         cubic  centimeters  per  second,  (44) 

in  which  the  brackets  [1.0094]  indicate  the  logarithm  of  a  factor,  and  in 
which  K  =  B  (1  —  m).  The  logarithm  of  the  constant  multiplier  K  has 
been  computed  for  various  values  of  m  and  placed  in  Table  II. 

If  we  measure  ^9  in  feet  of  water  at  4^  0.,  s  in  square  feet,  h  in  feet, 
and  d  in  millimeters,  and  use  the  minute  for  the  unit  of  time,  the  above 
formula  may  be  written 

q  =  [9.3036  — 10]         cubic  feet  per  minute.  (45) 

The  coefficient  of  viscosity  for  water  for  various  temperatures  will  be 
fouDd  given  in  Table  III.  If  we  substitute  the  value  of  /jiq  =  0.01315 
for  10°  0.,  we  obtain  the  formula 

q  =  [1.1846]        cubic  feet  per  minute.  (46) 

Part  of  the  expression  on  the  right  side  of  this  equation  depends 
only  upon  the  character  of  the  soil  through  which  the  water  is  passing. 
Kepresenting  this  by  /c,  we  have 

V  ■         '   ■  A:  =  [1.1846]  J.  (47) 
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The  constant  Jc  is  tlie  quantity  of  water  that  would  be  transmitted  in 
unit  time  through  a  cylinder  of  the  soil  of  unit  length  and  unit  cross 
section  under  unit  difference  in  head  at  the  ends. 

We  shall  frequently  refer  to  I-  as  the  transmission  constant,  or  merely 
as  the  constant  of  a  soil.  The  constant  K  is  the  factor  in  the  formula 
which  depends  only  upon  the  value  of  the  porosity  of  the  soil.  When 
the  porosity  of  a  soil  has  been  measured,  the  value  of  or  rather  the 
value  of  its  logarithm,  can  be  found  from  Table  II.  From  that  table  it 
appears  that  if  two  samples  of  the  same  sand  are  packed,  one  sample 
so  that  its  porosity  is  26  per  cent  and  the  other  sample  so  that  its 
porosity  is  47  per  cent,  the  flow  through  the  latter  sample  will  be  more 
than  seven  times  the  flow  through  the  former  sample.  If  the  two 
samples  of  the  same  sand  had  been  packed  so  that  their  porosities  had 
been  30  per  cent  and  40  per  cent,  respectively,  the  flow  through  the 
latter  sample  would  have  been  about  2.6  times  the  flow  through  the 
former  sample.  These  facts  should  make  clear  the  enormous  influence 
of  porosity  on  flow,  and  the  inadequacy  of  a  formula  of  flow  which  does 
not  take  it  into  account. 

APPLICATION  AND  ILLUSTRATION  OF  THE  FORMULAS 

OBTAINED  ABOVE. 

12.  We  shall  now  propose  several  problems  that  illustrate  the 
formulas  obtained  in  the  preceding  theoretical  work. 
First  let  us  consider  the  following : 

A  layer  of  sandstone  100  feet  thick  and  100  miles  wide  has  a  dip  from 
north  to  south  of  5  feet  per  mile,  and  is  underlain  and  overlain  by 
impervious  material.  If  there  is  a  catchment  area  at  the  upper  end, 
and  if  the  ground  water  has  free  means  of  escape  at  a  cliff  or  cut  at  the 
lower  end,  let  us  determine  what  is  the  delivery  of  water  in  cubic  feet 
per  minute  for  each  linear  foot  of  section  at  right  angles  to  the  dip. 
First,  suppose  the  stone  has  a  mean  size  of  grain  of  0.15  mm.  and  a 
porosity  of  30  per  cent.    These  values  substituted  in  (46)  give 

q  =  [7.8169—10]     cubic  feet  per  minute.  (48) 

ft 

Tlie  (^ause  of  the  flow  of  ground  water  is  supposed  to  be  the  difference 
of  head  of  5  feet  per  mile.  Substituting,  therefore,^  =  5,  h  =  5,280,  and 
ts  =  100,  we  obtain 

q  =  .0006213  cubic  foot  per  minute, 
=  .8946  cubic  foot  per  day, 

for  each  linear  foot  of  tlie  cliff  or  cut. 

If  the  stratum  of  sandstone  serves  as  an  artesian  water  supply  we 
may  readily  estimate  to  what  extent  the  natural  sui)ply  transmitted  by 
the  water-bearing  stratuni  is  drawn  upon  by  a  given  well.  Suppose, 
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for  example,  that  5,000  cubic  feet  per  duy  are  drawn  from  a  well.  This 
is  equivalent  to  the  ordinary  supply  transmitted  by  a  strip  of  the  sand- 
stone a  mile  in  width,  so  that  if  the  artesian  area  is  lOO-  miles  square, 
only  100  wells  of  the  capacity  named  could  be  supplied  by  the  sandstone 
without  permanently  lowering  the  water  table,  granting,  of  course,  the 
absence  of  open  cracks  and  fissures  in  the  stone. 

This  limited  capacity  of  a  sandstone  to  transmit  water  is  still  apparent 
if  we  suppose  the  size  of  grains  and  the  porosity  to  be  largely  increased. 
For  example,  if  the  size  of  grain  in  the  above  problem  liad  been  given 
as  0.25  mm.  and  the  porosity  as  32  per  cent,  the  flux  would  have  been 

q  =  [8.3537  — 10]  ^  cubic  feet  per  minute,  (49) 
which  reduces  to 

q  =  .00214  cubic  foot  i)er  minute, 
=  3.08  Cubic  feet  per  day; 

* 

for  p  =  5,h  =  5,280,  and  s  =  100.  If  5,000  cubic  feet  per  day  are  drawn 
from  a  well,  the  ordinary  natural  supply  from  a  strip  of  the  sandstone 
1,500  feet  wide  would  be  exhausted  in  supplying  the  well. 

If  the  size  of  grain  be  taken  as  0.5  mm.  and  the  porosity  as  32  per 
cent,  the  flux  for  each  linear  foot  of  section  of  stone  would  be 

q=i  .00856  cubic  foot  per  minute, 
=  12.32  cubic  feet  per  day. 

The  well  furnishing  5,000  cubic  feet  per  day  would  in  this  case  represent 
the  natural  supply  from  a  strip  of  the  sandstone  about  400  feet  wide. 

The  hypothesis  of  fissures,  either  in  the  sandstone  itself  or  in  the 
underlying  or  overlying  strata,  will,  of  course,  radically  modify  the 
above  figures.  The  limited  quantity  of  the  artesian  supply  will 
usually  appear,  however,  from  other  considerations.  As  an  illustra- 
tion, suppose  that  the  catchment  area  is  equal  to  the  artesian  area  and 
that  the  rainfall  on  the  catchment  area  is  36  inches  per  year,  one-third 
of  which  finds  its  way,  we  will  suppose,  into  the  catchment  rock,  two- 
thirds  either  running  oftMn  surface  streams  or  supplying  the  evapora- 
tion. Then,  if  no  allowance  be  made  for  loss  from  leakage  or  the 
supply  of  springs,  etc.,  a  well  in  the  artesian  area  using  5,000  cubic 
feet  per  day  represents  the  available  rainfall  that  is  collected  on  a 
square  1,350  feet  on  a  side.  Thus,  even  if  perfect  means  of  communi- 
cation by  means  of  fissures  existed  between  the  catchment  and  the 
artesian  areas,  wells  of  the  capacity  named  could  not  be  placed,  on  the 
average,  any  nearer  to  each  other  than  1,350  feet. 

13.  It  is  not  unreasonable  to  suppose  that  the  effective  size  of  soil 
grains  can  be  determined  by  measuring  the  time  required  to  pass  a 
given  quantity  of  air  under  a  given  difference  of  pressure  through  a 
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cylinder  filled  with  the  soil.  This  method  was  first  proposed  by  Prof. 
F.  H.  Kiug,  and  is  based  on  the  assumption  that  formula  (44)  holds  for 
air  as  well  as  water.  It  was  at  the  suggestion  of  Professor  King  that 
formula  (44)  was  produced  in  the  first  instance.  For  computing  the 
value  of  d,  it  is  convenient  to  rewrite  the  formula  as  follows,  substi- 
tuting the  value  of  the  coefficient  of  viscosity  of  air,  and  substituting 
5,000  c.  c.  for  q, 

cP  =  A;-^  [8.9434  — 101.  (50) 

In  the  formula,  t  is  the  time  necessary  to  draw  5,000  c.  c.  of  air  at 
temperature  20°  C.  through  a  cylinder  of  soil  having  a  cross  section  of  s 
square  centimeters  and  a  length  of  h  centimeters.  K  is  to  be  taken 
from  Table  II  and  [8.9438  —  10]  is  the  logarithm  of  a  factor.  The  pres- 
sure at  which  the  volume  of  the  air  passed  through  the  soil  is  measured 
must  be  the  wean  of  the  pressures  at  the  ends  of  the  column.  Meyer^ 
has  shown  that  the  law  of  flow  through  capillary  tubes  holds  for  gases 
if  the  volume  of  gas  be  measured  at  the  mean  pressure.^ 

The  coefficient  of  viscosity  of  air  at  20^  0.  used  in  this  formula  is  that 
due  to  Obermayer^  and  is  equal  to  0.000179. 

Obermayer's  formula  for     for  air  is 

yu  =      (1  +  .0038585  6  -  .00000105  6*2), 

in  which 

/(o  =  . 0001705, 

and  in  which  0  stands  for  temperature  centigrade. 
The  following  formula^  may  be  used  to  determine  pi  for  water: 

_    .0178 

^-14.  .0337  6*  +  .000221  6''' 

This  formula  is  due  to  Helmholtz. 

'O.  E.  Meyer,  Uebor  die  Stromnng  der  Gase  durch  Capillarrohren,  Poggendorff's  Annalen,  Vol. 
CXXVII,  pp.  269,  270. 

2  See  iutroductioii  to  this  paper  for  experimental  results  published  by  Prof.  F.  H.  King  while  this 
paper  was  in  jiress. 
*Si'»'  Basset,  Jlydrodynamifs,  Vol.11,  p.  250. 
*  Lamb's  Hydrodynamics,  p.  513. 
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Table  II. — Constants  foj-  various  porosities  of  an  ideal  soil, 
[mis  the  porosity  expressed  as  a  percentage.] 


m. 

n. 

Log  K. 

d. 

Colog  K. 

26 

9. 37 

1. 9258 

563 

8. 0742 

27 

9.93 

1.  8695 

504 

8. 1305 

28 

10.  45 

1.8191 

490 

8. 1809 

29 

10.  98 

1.  7701 

502 

8.  2299 

30 

11.  55 

1. 7199 

467 

8. 2801 

31 

12. 10 

1. 6732 

455 

8.  3268 

32 

12.66 

1.6277 

430 

8. 3723 

33 

13.  22 

1.  5847 

438 

8. 4152 

34 

13.78 

1.  5409 

410 

8. 4591 

35 

14. 34 

1. 4999 

407 

8. 5001 

36 

14.  91 

1. 4592 

400 

8.  5408 

37 

15.  49 

1. 4193 

377 

8. 5807 

Do 

±0.  UO 

1    Qft1  R 
1.  OOlD 

Q71 
oil. 

O.  0104 

39 

16.61 

1.  3445 

367 

8. 6555 

40 

17. 19 

1. 3078 

353 

8. 6922 

41 

17.  75 

1.  2725 

351 

8.  7275 

42 

18.  32 

1. 2374 

345 

8.  7626 

43 

18.90 

1.  2029 

339 

8.  7971 

44 

19.46 

1. 1690 

320 

8. 8310 

45 

20.  03 

1. 1370 

312 

8.  8630 

46 

20. 57 

1. 1058 

329 

8.  8942 

47 

21. 17 

1.0729 

8.  9271 
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Proportional  parts. 


563 

504 

502 

490 

467 

455 

438 

1 

56.3 

50.4 

50.2 

49.0 

46.7 

45.5 

43.8 

2 

112.6 

100.8 

100.4 

98.0 

93.4 

91.0 

87.6 

3 

168.  9 

151.2 

150.6 

147.0 

140. 1 

136.5 

13L4 

4 

225.2 

20L6 

200.8 

196.0 

186.8 

182.0 

175.  2 

5 

28L5 

252.0 

251.0 

245.0 

233.5 

227.5 

219.0 

6 

337.8 

302.4 

30L2 

294.0 

280.2 

273.0 

262.8 

7 

394,1 

352.8 

35L4 

343.0 

326.  9 

318.5 

306.6 

8 

450.4 

403.2 

40L6 

392.0 

373.6 

364.0 

350.4 

9 

506.7 

453.6 

451.8 

44L0 

420.3 

409.5 

394.2 

430 

410 

409 

407 

377 

371 

367 

1 

43.0 

4L0 

40.9 

40.7 

37.7 

37.1 

36.7 

2 

86.0 

82.0 

81.8 

81.4 

75.4 

74.2 

73.4 

3 

129.0 

123.0 

122.7 

122.1 

113.1 

11L3 

110.1 

4 

172.0 

164.0 

163.6 

162.8 

150.8 

148.4 

146.8 

5 

215.0 

205.0 

204.5 

203.5 

188.5 

185.5 

183.5 

6 

258.0 

246.0 

245.4 

244.2 

226.2 

222.6 

220.2 

7 

301.0 

287.0 

286.3 

284.9 

263.9 

259.7 

256.9 

8 

344.0 

328.0 

327.2 

325.6 

301.6 

296.8 

293.6 

9 

387.0 

369.  0 

368. 1 

366.  B 

339.3 

333.9 

330.3 

353 

351 

345 

339 

329 

320 

312 

1 

35.3 

35.1 

34.5 

33.9 

32.9 

32.0 

31.2 

2 

70.6 

70.2 

69.0 

67.8 

65.8 

64.0 

62.4 

Q 

6 

1  AX  Q 

1  nx  Q 

iVo.  O 

iUl.  < 

vo.  7 

yb.  U 

no  c 
93.  D 

4 

141.2 

140.4 

138.0 

135.6 

13L6 

128.0 

124.8 

5 

176.5 

175. 5 

172.5 

169.5 

164.5 

160.0 

156.0 

6 

21L8 

210.6 

207.0 

203.4 

197.4 

192.0 

187.2 

7 

247.1 

245.  7 

241.5 

237.3 

230.3 

224.0 

218.4 

8 

282.4 

280.8 

276.0 

271.2 

263.2 

256.0 

249.6 

9 

317.7 

315.9 

310.5 

305.1 

296.1 

288.0 

280.8 

328  MOTION  OF  GROUND  WATERS. 

Table  III. — Coefficients  of  viscosity  for  water  for  various  temperatures  centigrade. 


0=tempera- 

ture 
centigrade. 

ix  =  coefiicieBt 
of 

viscosity. 

0  =  tempera- 
ture 
centigrade. 

/u.=:coelBcient 
of 

viscosity. 

0 

0. 0178 

10 

0. 0131 

1 

0. 0172 

11 

0. 0128 

2 

0.  0166 

12 

0.  0124 

3 

0.  0161 

13 

0.  0120 

4 

0.  0156 

1  1^ 

0.0117 

5 

0.  0152 

i  1^ 

0.  0114 

6 

0.  0147 

i  16 

0.  0111 

7 

0. 0143 

17 

0. 0109 

8 

0.  0138 

1  18 

0.  0106 

9 

0.  0135 

i 

: 

0.  0103 

10 

0.0131 

20 

0.  0101 
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GEXERAI.  I.AWS  OF  THE  FEOW  OF  GROUND  WATERS. 

1.  Experimenters  liave  usually  claimed  that  the  velocity  of  the  flow 
of  a  liquid  iu  a  given  direction  through  a  column  of  soil  is  proportional 
to  the  diflerence  in  pressure  at  the  ends  of  the  column  and  inversely 
I)roportioual  to  the  length  of  tlie  column.  This  law  is  often  referred 
to  as  '^Darcy's  law,"  ^  and  may  be  expressed  by  a  formula,  as  follows: 

t'  =  A,-|,  (1) 

in  which  v  is  the  velocity,  is  the  difference  in  pressure  at  the  ends  of 
the  column  of  soil,  and  h  is  the  length  of  the  column.  The  pressure 
at  the  ends  of  the  column  must  be  taken  just  inside  of  the  soil  itself, 
and  not  in  the  liquid  outside  of  the  surface  of  the  soil.  There  appears 
to  be  a  sudden  reduction  in  pressure  as  the  liquid  enters  the  soil,  just 
as  there  is  a  loss  of  head  due  to  the  orifice  of  influx  in  case  of  water 
entering  an  ordinary  water  main.-  The  constant  Jc  depends  upon  the 
size  of  the  soil  grains,  the  iiorosity  of  the  soil,  and  the  viscosity  of  the 
liquid.  The  form  of  this  constant  was  investigated  from  a  theoretical 
standpoint  in  Chapter  1.  (See  Chapter  I,  equation  (47).)  Darcy  and 
others  have  determined  its  value  experimentally  for  different  soils, 
and  have  suggdfeted  various  forms  of  experimental  filters  suited  for 
this  i^urpose.^ 

Darcy's  law  is  entirely  analogous  to  the  well-known  law  of  Poiseuille 
for  the  flow  of  a  licjuid  through  a  capillary  tube,^  and,  like  this  latter 
law,  it  fails  to  hold  for  high  pressure  gradients;  for  example,  the  law 
may  be  true  for  a  pressure  variation  not  exceeding  1  gram  per  length 
of  10  centimeters,  but  may  fail  to  hold  for  a  pressure  variation  of  10 
grams  per  length  of  1  centimeter.  The  limits  within  which  the  law 
holds,  and  the  modifications  which  a  second  ai)proximation  require,  can 
be  determined  only  by  exhaustive  experiments  on  a  wide  range  of 
materials. 

'H.  Darcy,  Les  fontaiiies  pul)li(iiie3  de  la  ville  de  Dijon,  Paris,  1856.  Darcy-Bazin,  Ilecherchea 
hydrauliques,  Pans,  1865. 

''Allfii  Hazen,  Some  physical  properties  of  sands  and  gravels:  Report  Mass.  State  Board  of 
Health,  1892,  ]».  541.    Consult  also  l»il)liograi)liy  in  tlie  a])i)»;ndix. 

^Hazeii,  lf)C.  cit.,  and  Otto  Lnegt-r,  Wasserversorgiing  der  Stiidte,  Stuttgart,  p.  125. 

^Tlie  most  important  memoirs  on  tlie  How  of  li<[iiids  and  gases  through  capillary  tubes  are  the  fol- 
lowing: Poiseuillf,  Kfchen  hes  sur  le  niouvenient  des  li(iuids  dans  les  tubes  de  tres  petits  diametres: 
Aead.  Sciences.  Savants  estrangers,  1842,  Vol.  IX,  p.  433,  Graham,  On  the  motions  of  gases:  Phil. 
Trans.  Royal  Soc.  London,  1H46.  j).  .573;  1849,  p.  349.  O.  E.  Meyer,  Ueber  die  innere  Reibung  der  Oase: 
Pogg.  Annalen,  V<d.  CXXVIl,  1866,  p.253;  Vol.  CXLVIII,  1873,  p  1.  Couette,  I^ttule  sur  le 
Frottemeut  des  li<iuid8. 
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Equation  (1)  may  also  be  written 

2.  If  a  fluid  in  a  porous  medium  is  not  required  to  move  in  a  siugle 
direction,  but  has  liberty  to  move  in  any  direction,  then  if  at  a  given 
point,     the  motion  is  in  direction  s  we  may  write 

v  =  lcf^,  (2) 

in  case  the  motion  is  steady,  using  the  term  "  steady  motion "  in  its 
usual  sense  iu  hydrodynamics,  as  descriptive  of  motion  which  does  not 
vary  with  the  lapse  of  time.  The  pores  of  a  soil  are  arranged  in  such  a 
haphazard  manner  that  we  are  at  liberty  to  sujDpose  that  at  any  particu- 
lar point  the  fluid  is  free  to  move  in  any  desired  direction.  The  flow  of 
a  fluid  in  a  soil,  then,  is  not  different  from  the  flow  of  a  hypothetical 
fluid  which  we  may  suppose  to  replace  both  the  fluid  in  the  soil  and  the 
soil  itself,  which  hypothetical  fluid  has  the  law  of  flow  for  steady  motion 
given  by  the  equation 

n  dp 

In  case  no  external  attractive  forces  are  acting,  the  equations  of  motion 
in  three  dimensions  of  the  hypothetical  fluid  are 


11  = 

dx 

dx 

~dt 

V  = 

chj 

dt 

dz 

w  = 

dt 

(3) 


The  equation  of  continuity  is 

du     ;)v  dw 
^  +  + 

the  same  as  in  the  case  of  ordinary  liquids.  The  equation  of  continuity 
holds  for  both  perfect  and  viscous  liquids,  and  is  simply  the  mathemat- 
ical statement  that  a  given  mass  of  the  liquid  does  not  change  its 
volume  during  the  given  motion — that  is,  that  the  liquid  is  incompressi- 
ble.   If  we  substitute  from  (3)  into  (4)  we  obtain 


^  fp 

dy'-^  dz 


-2+j:,2+  j^=0.  (5) 


3.  This  equation  (equation  5)  is  the  familiar  equation  occurring  in 
nearly  all  branches  of  applied  mathematics,  known  as  Laplace's  equa- 
tion.   The  function  J?,  which  satisfies  this  differential  equation,  is  called 
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a  potential  function,  and  from  equations  (2)  and  (3)  it  is  observed  that 
the  velocity  in  any  direction  is  the  differential  coefficient  of  the  poten- 
tial function  with  respect  to  that  direction.  In  the  hydrodynamics  of 
perfect  fluids  the  function  that  possesses  this  property  is  called  the 
''velocity  potential/'  but  in  the  hydrodynamics  of  the  hypothetical 
fluid  now  under  consideration  the  velocity  potential  (omitting  the  con- 
stant A)  is  identical  with  the  pressure  function.  The  coincidence  of 
the  pressure  function  with  the  potential  function  is  a  matter  of  great 
interest  and  importance,  and  presents  a  striking  analogy  with  the 
mathematics  of  electrical  action. 

If,  as  some  claim,  the  velocity  of  ground  water  is  not  directly  propor- 
tional to  pressure,  but  varies  in  an  arithmetical  progression  of  the 
form 

V  =  Jcp  -\-  Cj 

then  equations  (3)  above  must  be  modified  by  the  addition  of  a  constant, 
but  equation  (5)  will  be  unaltered.  Thus  Laplace's  equation  is  satisfied 
in  either  case. 

It  seems  remarkable  that  the  fact  that  the  solution  of  any  problem 
in  the  motion  of  ground  waters  depends  upon  the  solution  of  the  differ- 
ential equation  (5)  has  not  been  pointed  out  before.  The  existence  ot 
this  function  is  made  the  basis  of  nearly  all  the  work  in  the  following 
pages. 

4.  If  we  assume  that  an  external  impressed  force,  as  gravity,  acts 
upon  the  liquid  in  the  z  direction  with  constant  intensity  and  if  the 
density  of  the  fluid  be  p,  then  the  expression  for  iv  becomes 


Therefore  the  equations  of  motion  with  gravity  acting  are 

dt  ^x' 

"'  =  a«  =  ^-|  +  ''-^-^'- 

These  hold,  of  course,  only  for  the  case  of  steady  motion.  Equations 
(4)  and  (5)  are  unclianged  by  the  new  hypothesis. 

5.  We  have,  tlieretore,  sliown  that  a  problem  in  the  steady  motion  of 
ground  waters  is  mathematically  analogous  to  a  problem  in  the  steady 
flow  ot  licat  or  electricity,  or  to  a  problem  in  the  steady  motion  of  a 
perfect  fiuid.  The  unknown  function  j)  must  be  determined  from  the 
partial  differential  equation  (5),  subject  to  the  boundary  conditions 
present  in  each  particular  problem  undertaken.    The  function  p  is 
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necessarily  finite,  continuous,  and  single  valued  at  all  points  of  the 
hypothetical  liquid,  and  the  general  methods  usual  in  potential  theory 
apply.  In  a  determinate  problem  the  value  of  p  must  be  given  over 
a  closed  boundary,  or  along  a  given  axis  in  space,  from  which  we  shall 
be  able  to  derive  the  value  of  p  at  every  point  of  the  region  expressed 
as  a  function  of  y,  and  z.  Atter  p  has  been  determined  by  the  appro- 
priate solution  of  (5)  for  a  given  problem,  the  equation  =  6'  will  give, 
for  different  values  of  c,  a  series  of  surfaces  upon  each  one  of  which  the 
pressure  has  the  constant  value  assigned.  These  are  the  equipotential 
or  equipressural  surfaces.  Orthogonal  to  this  series  of  surfaces  there 
exists  a  series  of  lines  in  space,  along  which  the  particles  of  liquid 
actually  move.    These  lines  are  the  lijies  of  fioio. 

Equations  (7)  introduce  an  interesting  series  of  problems,  in  which, 
however,  the  boundary  conditions  are  somewhat  more  difficult  to  handle 
than  in  the  case  of  equations  (3). 

The  equations  above  written  involve  the  assumption  that  the  medium 
in  which  the  flow  is  taking  place  is  everywhere  of  the  same  structure — 
as,  for  example,  a  soil  or  rock  which  does  not  essentially  change,  from 
place  to  place,  the  size  or  character  of  its  pores.  Such  is  usually  the 
case  within  the  same  geological  formation,  but  in  stratified  material  the 
constant  is  apt  to  be  different  for  vertical  motion  from  what  it  is  for 
horizontal  motion. 
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MOTIOX  OF  GROUND  WATER  IN  HORIZONTAL  PLANES. 

1.  If  steady  motion  of  ground  water  is  taking  place  in  two  dimen- 
sions, as,  for  example,  in  a  horizontal  stratum  of  j)orous  rock  underlain 
and  overlain  by  impervious  material,  the  equations  of  motion  become, 
in  their  simplified  form, 

clx  -, 
at 

(1) 

dt  dy 

and  the  equation  for  determining  p  becomes 

^  +  {-^  =  0.  (2) 

(See  Chapter  II,  section  2.) 

If  the  value  of  p  is  given  along  a  straight  line  or  along  two  parallel 
lines,  or  around  a  rectangular  boundary,  we  may  solve  equation  (2)  by 
means  of  Fourier's  series  or  Fourier's  integral.  If  the  value  oip  is  given 
around  any  other  boundary  we  must  rely  chiefly  upon  the  method  of 
conjugate  functions  or  upon  the  method  of  images. 

In  respect  to  tlie  method  of  conjugate  functions,  it  must  be  remem- 
bered that  it  is  not  in  general  possible  by  known  mathematical  methods 
to  solve  Laplace's  equation  so  as  to  fulfill  given  boundary  conditions, 
but  we  must  be  content  in  most  cases  to  solve  the  inverse  problem  of 
assigning  a  value  to  the  potential  or  pressural  function  determining 
in  each  case  the  boundary  conditions  which  will  render  the  proposed 
function  the  true  solution.  In  fact,  a  large  number  of  the  problems 
which  have  been  solved  in  mathematical  i)hysics  have  been  attacked 
by  this  inverse  i)rocess.  It  is  important  for  this  reason  that  wosliould 
have  before  us  the  solution  of  as  many  problems  as  possible,  sinc(^  the 
most  likely  method  by  which  we  shall  be  able  to  solve  a  new  problem 
is  by  reducing  it  to  one  of  the  cases  in  which  a  similar  problem  has 
been  constructed  by  the  inverse  process.  Indeed,  one  must  often  be 
content  to  secure  an  approximate  solution  in  a  given  case  by  searching 
among  problems  already  solved  for  one  whose  equipotential  lines  or 
surfaces  have  a  form  somewhat  resembling  the  given  boundary,  and 
then  so  to  modify  tlie  problem  by  tentative  methods  as  tr)  i)r(Kluce  con- 
ditions more  nearly  corresponding  to  those  of  the  given  problem.  For 
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this  reason  it  is  desirable  to  solve  all  possible  kinds  of  problems  in  the 
motion  of  ground  waters,  whether  they  seem  to  be  "practical"  or  not. 
Moreover,  the  drafting  board  should  be  freely  used  to  construct  lines 
of  flow  and  lines  of  pressure,  in  the  expectation  that  light  will  be  thrown 
on  other  problems  whose  solution  may  be  desired.  With  this  material 
at  hand,  a  new  problem  will  likely  have  analogies  to  those  already 
constructed,  and  at  least  a  partial  solution  of  the  new  problem  will  be 
possible. 

2.  There  exists  in  every  case  of  plane  motion  of  ground  waters  a 
function,  ip  (^,  y)^  from  which  the  lines  of  flow  may  be  determined. 
The  equation  of  continuity  for  plane  motion  is 

V  +  ?  =  0.  (3) 

This  is  the  analytical  condition  that  n  d  y  —  v  d  x  should  be  an  exact 
diflerential.    Let,  therefore, 

u  d  y  —  V  d  X  =  d  ip.  (4) 

Hence 

We  may  write  equation  (4)  in  the  form 

/    dy        dx\  , 

dy 

in  which  ds  is,  the  element  of  any  path  in  the  plane  xy.    But  ^  and 

dx 

—  ^—  are  the  direction  cosines,  m,  of  the  inwardly  drawn  normal  to  ds. 
Whence  we  write 

,p 

{lu  +  mv)  ds,  (7) 


in  which  A  and  P  are  any  two  i^oints  on  the  path  S.  It  is  plain  that 
the  right  side  of  (7)  is  the  expression  of  the  flow  from  right  to  left 
across  the  path  AP.  Therefore,  if  P  moves  so  that  ?/?  does  not  change 
in  value,  no  flow  is  taking  place  across  AP,  and  P  must  describe  a  line 
of  flow.   That  is 

^  =  c  ,  (8) 


is  an  equation  of  a  line  of  flow,  and  tp  may  be  called  the  current  function. 
Since  _p  is  the  velocity  potential,  we  have  the  relation 
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These  are  the  couditious  that  p  -\-  i  f  should  be  a  function  of  the  com- 
plex variable  x  +  iy,  ^  that  is 

pj^if  =  f{x  +  iy).  (10) 

The  curves  p  —  constant  are  the  curves  of  equivelocity  potential,  and 
are,  of  course,  also  curves  of  equal  pressure ;  the  curves  tf  =  constant 
are,  as  above  stated,  the  lines  of  flow,  or  the  actual  paths  traced  by  the 
particles  of  fluid. 


Equations  (9)  give,  by  multiplying  by  ^  and       respectively,  and 

dy 


adding,  the  equation 


dp  dif  ,  dp^H  ^0 

doo  doo    dy  dy  ' 


(11) 


which  shows  that  the  two  systems  of  curves  cut  one  another  at  right 
angles.  It  is  also  evident  that  we  may  look  upon  the  curves  =  con- 
stant as  the  curves  of  equal  pressure,  and  the  curves  =  constant  as 
the  lines  of  flow;  that  is,  from  every  problem  solved  we  may  construct 
the  solution  of  a  new  problem  in  which  the  lines  of  flow  of  the  first 
problem  become  the  lines  of  pressure  in  the  second  problem,  and  vice 
versa. 

3.  Let  there  be  any  arbitrary  distribution  of  pressure  along  the  line 
XX'  in  fig.  67.    Let  this  pressure  be  represented  hy  ])=/  (x).    Then,  if 

r 


o 


r 

Fig.  67. — Coordinate  axes. 

we  suppose  that  the  pressure  is  zero  at  an  infinite  distance  from  XX', 
we  must  solve  the  equation 

subject  to  the  boundary  conditions 

P  =  /{•'')  ^vhen  //  =  0  \ 

^  =  0      when  ij  =  ^/^  j'  ^ 


'A.  IJ.  Basset,  Treatise  on  nydrodynainicH,  Cambridge,  1888,  Vol.  I,  Chap.  V.  Horace  Lamb, 
Hydrodynamics,  Caml)rid}:<'.  1895,  Cliap.  IV.  Clfrk  Maxwell.  Treatiso  on  I<]lectri(;it y  and  Majrnftism, 
3d  ed.,  Oxtord,  1892,  Vol.  1,  Cliap.  XII.    W.  E.  liyerly,  lutef^nil  Calculus,  2d  ed.,  Boston,  1892,  p.  272. 
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Using  the  usual  method  ^  for  determining  the  value  of  the  Fourier's 
integral  which  satisfies  equations  (12),  we  obtain 

P=-Jq   J    e~^^  f{/3)  Gosa  (/3—x)  dad/3.  (13) 

71  —  CO 

This  gives,  performing  the  tv  integration, 

^-nj    y^+u^-xy-  ^^^^ 

If  f(f3)  is  an  even  function,  we  obtain 

and  if  f(/3)  is  odd, 

4.  Suppose  that  a  pressure  equal  to  unity  is  maintained  at  all  points 
of  XX'  to  the  right  of  the  origin  O,  and  that  the  pressure  is  zero  at  all 
points  of  X  X'  to  the  left  of  the  origin,  as  in  fig.  68.    As  an  approxi- 


FiG.  68. — Diagram  illustrating  the  problems  discussecl  in  sections  4  and  5,  Chapter  III. 

mate  illustration,  we  may  suppose  that  there  is  a  long  ditch  dug  in  a 
level  region  to  the  depth  of  the  surface  of  the  ground  water,  and 
divided  by  a  dam  O  A.  Water  is  maintained  at  a  given  height  in  the 
part  O  X,  but  the  water  is  pumped  out  of  the  i)art  O  X',  so  that  its 
level  is  reduced  to  the  normal  level  of  the  ground  water.  The  problem 
is  to  determine  the  flow  from  one  ditch  to  the  other  through  the  sur- 
rounding soil. 

From  the  equation  (14)  above  we  derive 


p  =  1 


1  tan-f. 


(17) 


1  See  "W.  E.  Byerly,  Fourier's  Series  ancT  Spherical  Harmonics,  Boston,  1893,  pp.  70  and  73.  ISTearly  all 
of  the  integrals  that  occur  in  the  following  sections  will  be  found  in  Chapter  IV  of  Byerly's  excellent 
treatise. 
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The  expression  for     the  function  conjugate  to  the  above,  is 

il:  =  i-  loge  {x'  +  y')  =  -  loge  r,  (18) 

which  can  be  found  from  (17)  by  the  relations  given  by  (9)  above.^ 
Equations  (17)  and  (18)  may  be  written  in  the  form 

y  =  —X  tan  Cx  tt,  (19) 

a?  +  \f  =  e-277c,.  (20) 

If  we  assign  to  Ci  and  Ci  a  series  of  values  differing  by  a  constant 
amount^  we  get  from  (19)  and  (20)  the  series  of  orthogonal  lines  and  cir- 


Fu;.  f,!). — Linfs  of  flow  uiid  lines  of  equal  jjicssuro  lor  tho  proMciiis  discussed  in  sections  4  and  5, 

Chapter  III. 


clcs  re])r(*sented  in  fig.  69.  Tlie  straight  lines  are  equipressnral  lines 
and  the  circles  arc  lines  of  fk)w.  The  velocity  of  outUow  i)erpendicular 
to  O  X  at  a  distance  x  from  O  is 

dy  J  y  =  o  7TX  ' 


'See  W.  E.  Byerly,  Fonrier's  Series  and  Spherical  Harmonics,  p.  74,  footnote. 
19  (iEOL,  FT  2  22 
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The  flux  across  O  X  from  x  =  a  to  x  =  oo  is 

P^=-l0ge   ^-  ^^^^ 
Ja     71X        7t       ^  a 

5.  The  meaning  of  the  equations  j  ust  obtained  can  best  be  illustrated 
by  considering  a  particular  case.  Suppose  that  the  ditch  A  X,  fig.  68, 
is  5  feet  deep  and  that  the  dam  O  A  is  2  feet  thick.  If  the  bottom  of 
the  ditch  and  the  dam  are  both  impervious  to  water,  we  desire  to  know 
how  much  water  escapes  from  100  feet  of  the  ditch  immediately  to  the 
right  of  the  dam  if  the  soil  has  an  effective  size  of  grain  of  0.15  mm 
and  a  porosity  of  30  per  cent,  and  provided  that  the  water  is  1  foot 
lower  in  the  ditch  A  X^  than  in  A  X. 

In  this  case  we  have 

.    2  X  5F7.8I69-101  ,      -.^^      i  •   -r   ^  •  ^ 

/  =  1  L  loge  100,  cubic  leet  per  minute, 

in  which  the  bracket  incloses  the  logarithm  of  Ic  for  the  kind  of  soil 
mentioned,  as  previously  determined  in  Chapter  I,  equation  (48).  The 
factor  2  is  placed  in  the  result  in  order  to  include  the  flow  of  water 
from  both  sides  of  the  ditch.  Performing  the  computation,  we  obtain 
f  =  .09616  cubic  foot  per  minute,  or  about  5.8  cubic  feet  per  hour. 

If  we  interchange  the  functions  j)  and  //'  above,  we  i^roduce  an  inter- 
esting problem  which  is  the  inverse  of  the  given  problem.  In  this  case 
the  straight  lines  converging  toward  O  (fig.  69)  become. the  lines  of  flow 
and  the  circles  become  the  lines  of  equal  pressure.  In  this  case  we 
may  imagine  that  the  ground  water  is  being  ''created"  or  ''annihi- 
lated" at  the  x)oint  O,  which  point  is  then  designated  as  a  "source"  or 
"sink."  As  a  concrete  case,  we  may  suppose  that  there  is  a  well  at  the 
point  O  in  which  the  water  is  being  kept  permanently  at  a  constant 
level  below  the  normal  water  table,  so  that  the  water  flows  into  the 
well  along  the  straight  lines  converging  at  O,  The  lines  of  equal  pres- 
sure are  the  circles  with  centers  on  the  axis  of  the  well.  The  well,  of 
course,  corresponds  to  a  "sink." 

An  extended  account  of  the  well  problem  will  be  found  in  Chapter  Y. 

6.  Let  the  following  distribution  of  pressure  be  given  along  the  line 
XX^: 

2)  =  0  if  X  <C  —  1  or  it?  >  +  1,  and  ^9  =  1  if  ii?  is  between  —  1  and  +  1. 
(See  fig.  70.) 

We  may  easily  determine  the  form  of    by  means  of  equation  (15) : 

i,=  i(^tan-.l-±f  +  tan-^-^J.  •  '  (23) 

The  conjugate  function  is 

1  log^(l-^)'  +  /  (24) 
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From  (23)  we  derive  the  equipressural  lines, 

^  {y  —  cot  C'l  TT  )■-  =  CSC^  6'i  TT,  (25) 

and  from  (24)  Ave  derive  the  lines  of  flow 

(.r  +  cotli  c,  7tY  +  if  =  csch^  C2  n,  (2G) 

This  system  of  orthogonal  curves  consists  of  the  two  series  of  circles 
represented  in  fig.  71  and  is  the  well-known  "dipolar''  system  of  circles. 
The  velocity  normal  to  O  X  at  any  point  of  O  A  is  equal  to 


dp-]      ^  2  _ 


(27) 


The  Ilux  normal  to  O  A  for  any  region  between  x  =  0  and  x  =  x  is 
given  by 


(Ix 


J  =  I  u  dx  =  —  f  ^ 

1  +  ^ 


2         u  , 
-.,  =  -  tanh~^a? 

7t 


7t 


lOge 


\  —  X 


(28) 


This  expression  gives  the  amount  of  water  which  percolates  through 
each  side  of  the  ditch  for  each  foot  in  depth  of  percolating  surface. 


r 


a:- 


0 


a: 


PL 


A. 


p=o 


y 

Fig.  to. — I'.oiiiiilarv  coiulitioii.s  for  tlio  ])robloTn,s  discussed  in  sections  6  and  7,  Chapter  III. 

The  inverse  problem  to  this  is  the  case  of  a  source  at  A  and  a  sink  at 
A',  or  vice  versa.  The  line  of  flow  from  A  to  A'  are  shown  in  the 
diagram  by  the  lines  joining  A  and  A'.  The  other  lines  are  of  equal 
pressure. 

7.  The  significance  of  the  above  discussion  is  best  shown  by  a  par- 
ticular example.  Sup])()se  that  the  ditch  A  A'  is  200  feet  long,  and 
that  it  contains  5  feet  of  water.  Let  the  water  be  2  feet  lower  in  the 
ditches  A  X  and  A^  X^,  and  let  the  dams  at  A  and  A^  be  1  foot  thick. 
The  per<;olating  surface  O  A  is  then  5  feet  deep  by  90  feet  long.  The 
difference  of  head  under  which  the  water  flows  is  2  feet,  so  that  the 
flux  from  O  A  is 

^  -    n^'        .01  • 
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This  result  must  be  doubled  to  give  the  flow  from  A,  and  must  be 
doubled  again  in  order  to  account  for  the  flow  from  both  sides  of  the 

99 

ditch.    The  number       appears  for  x  because  O  A  was  taken  equal  to 

unity  in  the  work  from  which  equation  (28)  was  derived.  The  constant 
li  depends  upon  the  character  of  the  soil.  If  we  suppose  that  the  soil 
grains  have  an  effective  size  of  0.15  mm.  and  that  the  porosity  is  30 
per  cent,  the  value  of  7^  will  be  that  used  in  section  5  above,  and  desig- 
nated by  the  logarithm  (7.8169 — 10).  The  natural  logarithm  of  199  is 
5.2833  and  the  total  flowage  is  easily  computed  to  be 

0.5556  cubic  foot  per  minute. 


Fig.  71. — Lines  of  flow  and  lines  of  equal  pressure  for  the  problems  discussed,  in  sections  6  and  7, 
Chapter  III.   Lines  of  flow  are  indicated  by  arrowheads. 


Inasmuch  as  we  are  not  at  present  taking  account  of  vertical  flow, 
but  are  merely  considering  the  horizontal  motion  of  ground  waters,  we 
must  suppose  that  the  bottom  of  the  ditch  reaches  a  level  impervious 
stratum,  so  that  no  percolation  takes  place  through  the  bottom. 

8.  Let  the  following  distribution  of  pressure  be  given  along  X  X' : 
lif^t?<  —  1, _p  =  Oif— l<i)?<l,j?  =  lifit?>l,as  shown  in 

fig.  72. 
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The  form  of  p  is  easily  determined  from  equation  (16)  above. 

^  =  ^[tau-l±i:-tau-L^].  (29) 

The  conjugate  function  is 

=  ^  -      +  2/1  [(1  +      +  f\  (30) 


The  equation  of  the  equipressural  hues  is,  therefore, 

+  2^2/  cot  CiTT  —  2/^  =  1,  (31) 

and  the  equation  of  the  lines  of  flow  is 

[(1  -  xf  +  y'\  [(1  +  xf  +  f']  =  e'c,-,  (32) 

The  orthogonal  system  of  curves  consists  of  the  system  of  rectangular 
hyperbolas  and  Cassinian  ovals  shown  in  fig.  73. 

To  illustrate  approximately  this  case  of  motion,  imagine  X  X'  to  be 
a  ditch  in  a  soil  in  a  region  where  the  ground  water  is  level.  Suppose 
the  ditch  to  be  dammed  at  A  and  B  and  the  pressure  of  water  main- 
tained in  the  portions  of  the  ditch  X'  B,  B  A,  A  X  in  the  scale  of  the 
numbers  1,  2,  3.  The  water  in  A  X  will  finally  find  itself  in  the  ditch 
B  X',  the  water  in  the  ditch  to  the  right  of  K  moving  into  B  X'  with- 
out first  passing  into  A  B,  and  the  water  in  the  ditch  between  A  and  K 
moving  into  B  X'  by  first  passing  into  the  portion  O  A  and  out  again 
through  the  walls  of  O  B. 


0 

Fig.  72. — Boundary  conditions  for  the  problem  discussed  in  section  8,  Chapter  III. 


If  we  interchange  j>  and  y  ,  we  shall  have  the  solution  of  the  j)roblem 
in  wliich  we  have  either  two  sources  or  two  sinks  at  A  and  B,  respec- 
tively. We  may  suppose,  for  example,  that  a  level  water-bearing 
strntum  is  ])ierced  at  A  and  I>  by  two  artesian  avcIIs  which  are  being 
I)um})('(l  simultaneously  under  the  same  loss  of  head,  or  which  are  flow- 
ing under  the  same  head.  Then  the  hyperbolas  in  the  diagram  repre- 
sent the  lines  of  flow  into  the  well  and  the  ovals  represent  curves  of 
equal  pressure. 


342 


MOTION  OF  GROUND  WATERS. 


A  discussion  of  the  mutual  interference  of  the  two  wells  presented 
by  this  problem  is  discussed  in  Chapter  Y,  section  16. 


Fig.  73. — Lines  of  flow  and  lines  of  equal  pressure  for  the  jiroblem  discussed  in  section  8,  Chapter  III. 
Lines  of  flow  are  indicated  by  arrowheads.  The  dotted  lines  are  the  asymptotes  to  the  hyperbolas. 
The  point  K  is  at  the  right-hand  end  of  the  lemniscate. 

9.  In  general,  if  we  have  given  any  distribution  of  pressure,  (^)? 
along  X  and  any  distribution,/",  (2/),  along  YY',  we  obtain  the  follow- 
ing solution : 


P 


y 


y 


(X  CO  ^\  i 


(33) 


If/l.  {x)  =  a  and    {y)  =     we  obtain 


2  y 
2)  =  a  +      (h  —  a)  tan.-^^, 


tp  =  -^  (h  -  a)  loge  {X''  +  y''). 


(34) 
(35) 


SLIGHTER.] 


MOTION  IN  HORIZONTAL  PLANES. 


843 


10.  If  we  have  given  a  distribution  of  pressure  along  two  parallel 
lines,  say 

l)  =f,{x)  when  y  =  0 


and 


p  =  F,  (.r)  when  y  = 


we  obtain  the  following'  solution 


'»  GO 


b 


'  r  ,  - 

-00  I  tosh  ^  {/i  —  x) 


f,  ( fi) 


COS 


ny 


+ 


TT 

IT 


cosh      [fi  —  .r)  +  cos  -'7- 


(3G) 


11.  If  we  have  given  a  distribution  of  pressure  around  the  edges  of 
a  rectangle,  we  may  express  the  value  of  p  at  any  point  of  the  i)lane  in 
terms  of  four  Fourier's  series.    If  the  boundary  conditions  are 

p  =y;  (x)  when  y  =  0, 
J?  =  F,  (x)  when  y  = 
P  =fy  (y)  when  X  =  0, 
j>  =  F,,  (?/)  when  x  =  a, 

we  obtain 


UTTX 


sin 


sinh      (/>  —  ?/) 


sinh 


nrrb 
a 


/;  (yS)  sinh  ^V'^i^  rZy5 


+ 


sinh  — 
a 


sinh 


nnh 


F.  (/i)sin    ^/^^/i  j 


//   \         .  ,  nna 
sinh  , 


•  1 

sinh    I    (^t  —  x)      I  ry^^R 

'   '         '     '  sin^^/? 


n  =  1 


sinh 


nirx 


+ 


sinh 


F„  i/i)  sill         ^i/y  ) 
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If  the  pressure  on  each  of  the  four  sides  of  the  rectangle  is  h  this 
reduces  to 


'~\  .   /  smh  —  {b  -  y)  +  smh 


li  I  a  ^  ^  a    \  nnx 

—  I  sin   


» =  1  . 

-  X  ~A  7  /  smh  -7-  [a  —  x)  +  smh  \ 

+ O ,  i  f  — — - — ^  • 

/     /      \  .  ,  nna  - 


n  =  l  sinh 
If  a  =  h^  this  becomes 

S smh  ^  ^  +  sinh 
n  \               sinh  njt  j  ^ 

n  =  1 


smh  —  («  —  ic)  +  smh 


?^  =  1 


METHOD  OF  CONJUGATE  FUNCTIONS  OR  CONFORMAL 

TRANSFORMATION. 

12.  As  previously  stated,  many  important  problems  in  two-dimen- 
sional potential  can  be  solved  by  the  method  of  conjugate  functions. 
For  the  complete  theory  and  the  details  of  the  method  the  reader  must 
be  referred  to  special  treatises,  such  as  the  chapters  of  Bassett,  Lamb, 
and  Olerk  Maxwell,  referred  to  in  section  2,  or  to  A.  G.  Webster's 
Theory  of  Electricity  and  Magnetism  (New  York,  1897),  pages  79-90 
and  307-324,  but  especially  to  Gustav  Holzmiiller's  Einflihrung  in  die 
Theorie  der  isogonalen  Yerwandtschaften  (Leipsig,  1882). 

Briefly  stated,  the  method  of  conjugate  functions  depends  upon  the 
fact  that  if  a  finite  single-valued  and  continuous  function  of  a  complex 
variable,  as,  for  examj)le, 

be  broken  up  into  its  real  and  imaginary  parts,  say  ^  and       so  that 

then  p  and  ?p  are  each  functions  of  x  and  y,  which  satisfy  Laplace's 
equation.    Also  the  equations 

P  = 
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when  represented  geometrically  for  arbitrary  \^aliies  of  Ci,  and  c-z,  give  a 
system  of  orthogonal  curv^es,  one  set  of  which  are  the  equipotential  or 
equipressural  lines,  while  the  other  set  are  the  lines  of  flow. 

Stated  geometrically,  the  process  consists  in  transforming  the  system 
of  orthogonal  straight  lines 

X  =  c'j 

y  = 

by  means  of  the  function  or  operator  /,  into  a  system  of  orthogonal 
curves 

t  =  ^'2, 

which  curves,  like  the  system  of  straight  lines,  will  constitute  a  new 
and  possible  scheme  of  equipotential  lines  and  lines  of  flow.  When 
looked  at  from  this  point  of  view,  the  process  is  called  ''conformal 
transformation,"  or    conforD^al  representation." 

The  form  of  the  function  /  may  be  selected  in  an  unlimited  number 
of  ways,  and  the  orthogonal  curves  njay  be  determined  for  an  unlimited 
number  of  problems,  but  it  is  usually  inadvisable  to  attemi)t  to  assign 
in  advance  the  form  that  must  be  given  to  /  in  order  to  produce  curves 
of  a  given  kind.  The  usual  process  is  tentative  and  indirect,  and  con- 
sists in  assigning  the  form  of  /.  An  interesting  solution  of  the  j)roblem 
of  section  13,  below,  by  a  direct  method,  may  be  found  in  Webster's 
Treatise  on  Electricity  and  Magnetism,  page  315. 

In  the  following  paragraphs  we  shall  uniformly  employ  the  notations 

z  =  .T     iy  (40) 

and 

IV  =f{z)  =f(x  +  iy)  =p-iriip,  (41) 

13.  Let  us  perform  the  transformation 

-\ ^ 

w  =  cosh   — , 

or,  what  is  the  same  thing,  the  transformation 

z  =  c  cosh  IV ;  (42) 

tliat  is 

X  +  iy  =  ('  cosh  [p  +  iip)  (43) 
=  ('  (cosh  I)  cos    +  i  sinh  p  sin  //  ).  (44) 

Therefore 

x  =  c  cosh  p  cos  (45) 
y  =  (•  sinh  j)  sin  //-, 
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aud  eliminating^  and    in  turn, 


&  cosli^  J?  '      sinh^  j9 


=  1, 


(?  cos^  tp     o'  sin^  f 


=  1. 


(40) 
(47) 


These  equations  represent  a  system  of  confocal  ellipses  and  hyper- 
bolas, as  shown  in  fig.  74.    Solving  (46)  for  ^  and  (47)  for  tp^  we  obtain 

^=''°*r„'''  (48) 

in  which 
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For  the  values  otp  and     along  XX^  these  reduce  to 


p  =  cosh"^  —  for  xy     c  aud  <  —  c, 
c 


p  =  0 


for        +    and  >  — 


1  tX! 


xh  =  COS       for  .r  <  +  c  and  >  —  c, 

^  c 


f  =  0 


n 


for  X  >  +  <?, 
for  X'  <  —  c. 
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(50) 
(51) 
(52) 

(53) 
(54) 


Fifi.  7"). — Lines  of  flow  and  lines  of  equal  pressure  for  a  modification  of  the  problem  discussed  in  sec- 
tion 13,  Cba7)ter  III.    Lines  of  flow  are  indicated  by  arrowheads. 

Til  is  problem  admits  of  several  interesting  modifications.  If  we 
maintain  a  pressure  0  along  the  line  AB,  and  a  constant  pressure  along 
any  one  of  the  elli])ses,  then  the  hy])erbolas  are  lines  of  flow  as  repre- 
sented in  lig  74.  If  the  ])ressure  is  maintained  cipial  to  — A*  along  the 
uj)per  half  of  one  of  the  ellipses  and  equal  to  +  h  along  tlie  lower  half 
of  the  same  ellipse,  and  if  A  X'andBX  are  impervious  partitions, 
then  the  lines  of  flow  are  represented  by  the  hyperbolas  as  marked  in 
fig.  7o.    If  the  signs  of  k  be  revervsed  in  both  instances  mentioned,  the 
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arrowheads  will  point  in  the  reverse  directions.  If,  however,  pressure 
is  maintained  equal  to  0  along  A  and  equal  to  n  along  B  X,  then  the 
ellipses  become  the  lines  of  flow  as  marked  in  fig.  76.  Thus  we  may 
say  that  fig.  74  represents  the  lines  of  flow  and  the  lines  of  pressure 
when  ground  water  is  flowing  into  the  ditch  A  B,  or,  in  the  case  of  fig. 
76,  we  have  the  case  of  ground  water  flowing  from  the  ditch  B  X  into 
the  ditch  A  X^  through  the  surrounding  soil,  the  water  being  3.1416 
feet  higher  in  B  X  than  in  A  X'. 


Fig.  76. — Lines  of  flow  and  lines  of  eqiial  pressure  for  a  second  modification  of  the  problem  discussed  in 
section  13,  Chapter  III.    Lines  of  flow  are  indicated  by  arrowheads. 

The  chief  value  in  the  results  of  a  problem  of  the  kind  just  mentioned 
is  qualitative  rather  than  quantitative.  To  appreciate  fully  all  the 
qualitative  results  that  follow  from  the  discussion  we  must  remember 
that  any  pair  of  ellipses  or  any  pair  of  hyperbolas  may  be  taken  as 
the  boundaries  along  which  a  constant  pressure  is  maintained;  the 
included  parts  of  the  orthogonal  curves  will  then  represent  the  lines 
of  flow. 

An  interesting  modification  of  the  present  problem  is  brought  about 
by  increasing  the  distance  AB  indefinitely.    In  this  case  the  ellipses 
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and  hyperbolas  become  an  orthogonal  system  of  parabolas  as  repre- 
sented in  fig.  77.    The  equations  to  these  are 

}f  =  4:'/:{x  —  ip). 

14.  Another  interesting  transformation  is  fnrnished  by  the  substitu- 
tion 


or 


Therefore 


X  -\-  iy     p     i'f:  + 

X  =  p  -\-  e''  cos  f/'^ 
y  =  X  -\-  e''  sin  tj , 


Fio.  77.— Lines  of  flow  and  lines  of  equal  pressure  for  the  problem  discussed  in  section  KJ,  Cl)ai)ter 
III,  as  they  exist  after  increasing  indefinitely  the  length  of  A  B,  fig.  74.  Lines  of  flow  ai  e  indicated 
by  arrowheads. 

The  lines  of  flow  and  lines  of  equal  pressnre  are  shown  in  fig.  78.  It 
is  the  cas(^  of  How  into  a  porous  medium  from  the  canal  IIH'AA'  with 
the  imi)ervious  walls  A13  and  A  h'.    If  the  lines  connecting  Ali  with 
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A'B'  are  taken  as  the  lines  of  flow,  then  we  must  have  a  constant  pres- 
sure maintained  along  BA  and  B'A^  and  a  pressure  zero  along  XX^, 


Fig.  78.— Lines  of  flow  and  lines  of  equal  pressure  for  the  problems  discussed  in  section  14,  Chapter 
III.    (After  Helmholtz  and  Clerk  Maxwell.) 


or  a  constant  pressure  maintained  along  BA,  with  a  constant  lower 
pressure  along  B'A',  or  vice  versa^ 


^  See  H.  von  Helmholtz,  Wissenschaftliche  Abhandhengen,  Vol.  I,  p.  154. 
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MOTIOX  OF  GROUI^D  WATER  I?^  VERTICAE  PEACES. 


1.  Tlie  imi:)ortant  distinction  between  motion  of  gronnd  water  in  hor- 
izontal and  the  motion  ot  ground  water  in  vertical  ])lanes  has  already 
been  pointed  out.'  This  distinction  is  necessitated,  of  course,  by  the 
important  control  of  gravity  upon  the  motion  of  anything  that  has 
vertical  freedom  of  motion,  which  control  becomes  nil  in  case  vertical 
freedom  vanishes. 

The  equations  of  motion  for  the  vertical  plane  ocZj  as  determined  in 
Chapter  II,  section  4,  are: 


0. 


(1) 

(2) 
(3) 


Laplace's  equation  for  the  determining  of  is  the  same  as  in  the  case 
of  horizontal  motion,  but  the  boundary  conditions  are,  of  course,  of 
quite  a  different  character  from  those  occurring  in  the  class  of  ijroblems 
already  discussed.  The  eft'ect  of  gravity  is  shown  by  the  presence  of 
the  additional  term  1c pg  in  the  expression  for  the  vertical  component  of 
velocity,  w. 

2.  Let  the  foil  owing  diagram,  fig.  79,  represent  a  vertical  section  of  a 
rectangular  tank  filled  with  sand,  having  an  impervious  bottom,  but 
with  the  portions  ()  1>  and 
A  0  of  the  ends  made  of  y 
pervious  material,  such  as 
wire  gauze,  and  so  con- 
structed as  to  permit  tlie 
free  escape  of  the  water. 
Let  the  distan(*es  O  B  and 
A  C  be  rei)resented  by  h 
and  let  a  given  head  of 
water.  A,  be  maintained 
above  the  surfac^e  of  the 
soil  P,  ('.    If  the  distance 
()  A  is       we  require  the 

lines  of  tlow  and  lines  of  pressure  throughout  the  soil  in  the  tank,  and 
the  (|uaiitity  of  water  escaping  at  the  ends. 


0 

Fui.  79 


Za 


-Diagram   for  a  problem  in  tlio  vertical  How  of 
<:roiiii<l  water. 


'  See  Cliaptcr  1 1,  section  4. 
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The  boundary  conditions  are 


p  =  0  when  ^  =  0,  (4) 

p  =  0  when  jc  =  2a^  (5) 

p  =  h  when  z  =  h,  (6) 

tv  =  0  when  z  =0.  (7) 

This  last  condition  may  be  written 

^=:_^p  when^  =  0.  (8) 

Following  the  usual  method  for  the  expression  of  the  solution  of 
Laplace's  equation  in  a  Fourier's  series  satisfying  the  boundary  condi- 
tions, we  obtain 

n  =  ^    cosh  ^^^"^ 

^  Z-J     cosh  ^ 
n  =  l.  2a 


""^"^sinh^^^^-^^ 
4:00  2a  2a      .  nnx 

+   >  f-  sin  ^ —  (9) 

^    ^Z-i  ^^cosh-!^       2^  ^  ^ 

?i  =  1  ^« 

In  this  series  n  is  to  take  on  the  values  of  successive  odd  numbers 
only. 

From  this  equation  we  easily  determine  by  differentiation  the  exx)res- 
sions  for  the  velocities : 

2hk   \  >  2a  nnx 

U  =  /  rr  7,  COS 


a     /    i      1  UTtb  2a 
/     '  cosh  — — 
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3.  The  amount  of  the  fluid  flowiufir  out  of  one  end  is 


(12) 


If  h  be  taken  equal  to  zero,  the  integration  of  (12)  gives 


n  =  cc 

.  sa   ,     r  1 


n 


/i^  cosh 

7^  =  1 


1   1 

h  ^  ^  ^ 


Sa 

71 


n  —  00 


n ^  cosh 


nh  7t 

~2ir 


(13) 


in  which  n  is  an  odd  number, 
obtain  the  following  results : 

Value  of  a. 

b 

2  b 

4rb 


If  we  take  in  turn  a  =  b,  2b,  and  4Z>,  we 


Flux. 

(.674)  (/  pJcb 
(.737)  g  picb 
(.739)    p  /t- 


In  converting  these  results  into  cubic  feet  per  minute  we  must  sub- 
stitute the  value  of  A;  used  in  our  previous  work  for  g  Ic  in  this  formula, 
since  we  have  agreed  to  measure  pressure  in  terms  of  water  height  and 
not  in  dynes  or  poundals.  For  water  the  density  p  may  of  course  be 
placed  equal  to  unity. 

4.  The  lines  of  equal  pressure  for  the  case  of  a  =  b  =  10  are  shown 
in  fig.  80.  Water  is  supplied  to  the  upper  surface  B  C  just  as  fast  as 
it  will  percolate  into  the  sand,  and  the  end  surface  A  B  is  the  surface 
that  is  supposed  to  be  constructed  of  wire  gauze  or  other  material  per- 
mitting the  free  flowage  of  the  water  through  it.  If  the  end  A  B  be 
made  impervious,  the  lines  of  equal  pressure  will  become  the  horizon- 
tal lines,  marked  0, 1,  2,  3,  etc.  In  the  case  represented  in  the  diagnim 
the  lines  A  B  and  B  G  are  the  lines  of  zero  i)ressure,  and  the  curves  of 
higlier  pressure  are  represented  by  the  hyperbola-like  curves,  marked 

Pressure  =  1 Pressure  =  2,"  etc. 

A  remarkable  fact  brought  out  by  this  diagram  is  the  distinction 
that  must  be  made  between  the  level  at  which  moving  ground  water 
stands  and  the  actual  pressure  to  which  the  ground  water  is  subjected 
at  a  given  point.  It  is  often  assumed  that  the  level  of  the  surface  of 
the  water  in  a  well  indicates  the  position  of  the  water  table  and  that  a 
change  in  the  height  of  water  in  a  well  indicates  the  same  change  in 
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the  level  of  the  water  table.  This  assumption  is  fallacious,  unless  the 
water  exists  in  a  purely  statical  condition.  For  example,  the  position 
of  the  water  table  in  the  section  A  B  C  D  coincides  with  the  surface  B  0, 
yet  the  pressure  within  the  section  has  various  values  for  points  on 
the  same  horizontal  line.  The  variation  in  pressure  along  H  K  is  very 
slight,  the  pressure  being  zero  at  H  and  less  than  at  K.  The  pres- 
sure along  M  IST  has  various  values,  but  nowhere  reaches  a  value  so 


M 

7 


H 

/ 


ur^  = 

o 

^^^^ 

Pressix 

N 

o 

- — <5 

\ 

OB 


X)  iv  K  A 

Fig.  80.— Approximate  position  of  the  lines  of  equal  pressure  for  the  problem  in  the  vertical  flow  of 
ground  water  discussed  in  section  4,  Chapter  IV.  The  horizontal  plane  through  A  D  and  the 
A'ertical  plane  through  C  D  are  impervious.  Water  is  free  to  escape  through  the  vertical  plane 
through  A  B,  and  the  svirface  B  C  is  kept  covered  with  a  thin  layer  of  water.  , 


high  as  10,  which  is  the  pressure  that  would  exist  at  the  bottom  if  per- 
colation at  A  B  were  stopped  and  a  statical  condition  produced.  A 
well  sunk  at  M  N  would  j)robably  show  an  increasing  depth  of  water 
as  the  well  was  dug  deeper  and  deeper.  A  common  well  point 
driven  to  various  depths  would  doubtless  show  a  water  level  corre- 
sponding closely  to  the  pressure  lines  in  the  diagram.  An  ordinary  well, 
since  it  can  receive  water  throughout  its  entire  length,  would  probably 
disturb  the  equipressural  lines  in  its  neighborhood,  and  the  surface 
of  the  water  in  the  well  would  not  be  likely  to  correspond  closely  with 
the  original  pressure  line  at  the  bottom  of  the  well. 
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The  pressure  along  A  I)  would  be  everywhere  10  if  the  surface  A  B 
were  closed  aud  a  statical  condition  produced.  As  it  is,  the  pressure 
varies  rapidly  along  A  D,  but  does  not  reach  the  value  10  at  any  point. 

We  conclude,  then,  that  the  wells  in  a  given  district  might  be  seri- 
ously interfered  with  by  the  (construction  of  a  drainage  flume  near  them, 
and  yet  the  water  table  in  the  neighborhood  of  the  wells  might  show 
but  little  change  of  level.  Nevertheless  it  is  sometimes  maintained 
that  a  drainage  flume  can  not  be  the  cause  of  the  lowering  of  the  water 
in  the  wells  of  a  district  unless  the  amount  of  water  entering  the  flume 
in  a  given  time  after  it  is  flrst  used  is  enough  to  lower  the  entire  water 
table  of  the  district  by  an  amount  equal  to  the  measured  fall  of  the 
wells  during  that  time.  Thus,  if  the  wells  of  a  district  containing  one 
square  mile  are  found  to  have  fallen  one  foot  after  a  new  drainage  flume 
has  been  used  for  a  month,  and  if  the  water-bearing  soil  contains  20 
per  cent  of  water,  then  the  argument  is  that  the  drainage  flume  has 
not  caused  the  fall  of  water  in  the  wells  unless  the  flume  has  actually 
taken  oft'  |  of  5,280-  cubic  feet  of  water  in  the  month  considered.  A 
general  lowering  of  even  a  few  feet  in  the  water  table  of  a  district  repre- 
sents an  enormous  amount  of  water,  and  a  flume  is  seldom  likely  to  be 
held  responsible  for  an  interference  with  wells  if  tested  by  the  principle 
just  mentioned.  The  lowering  of  the  wells,  although  a  fact,  would  have 
to  be  explained  by  the  hypothesis  of  a  ''dry  season  "  or  by  some  other 
convenient  hypothesis.  The  facts  as  represented  in  fig.  80  show,  how- 
ever, the  fallacy  of  the  argument.  The  flume  may  not  cause  a  lowering 
of  the  water  table  for  any  great  distance  from  its  walls,  but  the  lowering 
of  the  pressure,  as  indicated  by  the  lowered  position  of  the  water  sur- 
face in  the  wells,  may  extend  to  great  distances.  This  is  a  fact  that 
nonmathematical  reasoning  shows  must  exist.  The  water  supply  for 
the  flume  comes  from  the  surrounding  soil;  hence  the  water  in  the  soil 
is  in  motion.  The  motion  of  the  ground  water  against  the  resistance  of 
the  capillary  spaces  of  the  soil  requires  the  existence  of  an  adequate 
moving  agent.  This  moving  agent  must  be  a  pressure  gradient  extend- 
ing away  from  the  walls  of  the  flume.  This  pressure  gradient  must 
come  into  existence  as  soon  as  the  water  begins  to  move  and  before 
there  is  time  for  an  appreciable  lowering  of  the  water  table  to  take 
place.  The  drop  in  the  water  level  in  the  wells  shows  the  change  in 
pressure  of  the  water  in  the  surrounding  soil  and  does  not  necessarily 
indicate  a  change  in  the  position  of  the  water  table. 
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5.  If  a  is  indefinitely  increased  in  lengthy  the  Fourier's  series  in  sec- 
tion 2  becomes  a  Fourier's  integral  of  the  form 


(14) 

and,  since  u  =  k  — ? 

u  =  -   I         I       smh  a  il-y) .      ^  (yg  _  ^)  4.  sin  ^  (yg  +  ^)  1  gpd/Ma. 
7t  /o     ^0         cosh « ft     L        V/       /  /ji// 

(15) 

For  ^  =  0,  we  get 


2^  /        /  sin  ^/?^/?^,^,  (16) 

TT       /o      ./O  cosh^ft  /      ?  V  / 


and  from  D.  Bierens  de  Haan's  l^ouvelles  tables  d'integrales  definies, 
table  265,  formula  2,  we  secure  the  integration  and  obtain 

/CO        .  ^  6  n  .    h  —  yn 
smh  -^i-  sm    ,  7^ 
cosh       +  COS  4^ 

Changing  the  variable  to  ^  =  cosh        we  get 

=  -  log  tan  f  ^.  (19) 


The  flux  at  one  end  is  then 

/ =^      =       ^^^ir^        %  i  ^2/  (20) 

(-1)" 

V    /  (2^  +  1 

by  Bierens  de  Haan,  table  286,  formula  11.    We  may  then  write 

/=  J  + ^^.  +  ^2+       0-2(3^3+ J  + 1^2+  ..  .)]  (22) 

=  &^pfc(^l-p  [^  +  ^2+  .  .  .])  (23) 
=  (.7420)  Ig  pk.  (24) 
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6.  The  meaning  of  this  formula  is  illustrated  by  the  following 
problem : 

A  bed  of  sandstone  200  miles  square  and  100  feet  thick  has  one  side 
exposed  so  that  seepage  takes  place  freely.  What  annual  rainfall  can 
be  disposed  of  by  this  bed  of  sandstone  if  the  stone  have  a  mean  size  of 
grain  of  0.15  mm.  and  a  porosity  of  30  per  cent? 

The  distance  of  200  miles  is  so  large  in  comparison  with  100  feet  that 
we  may  suppose  a  to  be  infinite.  The  constant  k  for  stone  of  this  kind 
is  given  in  section  12  of  Chapter  I,  but  the  constant  there  used  is  equiv- 
alent to  g  Jc  of  the  present  problem  (equation  24),  as  pressures  were 
measured  in  feet  of  water  in  the  formula  of  section  12.  Taking 
[7.81G9  — 10],  the  logarithm  of  the  constant  from  that  work,  and  sub- 
stituting p  r=  1,  6  =  100  in  equation  (24)  we  obtain 

/=  [9.8169-10]  X  (.7420) 
=    .4867  cubic  foot  per  minute 

as  the  flux  from  each  linear  foot  of  the  cliff.  This  flux  requires  a  rain- 
fall of  0.00864  inch  per  day,  or  3.153  inches  per  year,  over  the  area  200 
miles  square  to  furnish  an  adequate  supply  of  water. 


OHAPTEE  V. 


FLOW  OF  ARTESIAN  WELLS  AND  THEIR  MUTUAL 

mTERFERElS^CE. 

1.  We  shall  first  attempt  to  compute  the  flow  into  an  artesian  well 
which  completely  penetrates  a  level  homogeneous  water-bearing  stratum, 


-  c  NormaJ  height  of £frounxi 
ivcbter. 


j_  height  ofwcUerin  urelX 
wherhpLcmpacL. 


Fig.  81.  —Section  of  a  well  which  completely  penetrates  a  water-bearing  stratum. 


the  stratum  being  overlain  and  underlain  by  impervious  material.  Let 
fig.  81  represent  a  section  through  the  well  and  rock,  and  let 

r  =  radius  of  the  well ; 

a  =  thickness  of  water-bearing  rock ; 

h  =  amount  of  lowering  of  water  in  the  well  by  pumping. 
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The  amouut  of  water  flowing  into  the  well  under  the  constant  head 
h  can  easily  be  deducted  from  the  general  equations  of  Chapter  II,  sec- 
tion 3,  first  transforming  the  equations  to  polar  coordinates,  or  it  may 
be  deduced  from  the  inverse  of  the  problem  of  section  4,  Chapter  III, 
but  it  is  quite  as  easy  and  more  instructive  to  proceed  independently  of 
these  gener'";]  methods. 

The  velocity  at  a  point  P  distant  pfrom  the  axis  of  the  well  is  given  by 

^ = ^  V  (^) 

in  which  p  represents  the  pressure  at  the  point  P  and  in  which  k  re[)re- 
sents  a  constant '  determined  by  experiment  or  estimated  from  theoret- 
ical considerations  as  explained  in  Chapter  I,  equation  (47).  We  also 
know  that  the  velocity  toward  the  well  must  vary  inversely  with  the 
distance  from  the  axis  of  the  well,  since  the  circumferences  of  concentric 
circles  with  their  centers  on  the  axis  of  the  well  are  crossed  by  equal 
amounts  of  ground  water  in  equal  times.    Thus  we  have 

V  =  (2) 
P 

in  which  c  is  a  constant  to  be  determined.    From  (1)  and  (2)  we  write 

c^  =  Mp,  (3) 
P 

and  from  this  we  derive 

C  lOge  p  =  lcp  +  C,  (4) 

m  which  loge  stands  for  the  natural  or  hyperbolic  logarithm.  We  know 
that  ^9  =  h  when  p  =  r.  If  we  assume  that  R  is  the  distance  from  the 
wall  of  the  well  at  which  the  pressure  may  be  assumed  to  be  equal  to 
its  normal  value  (that  is,  2?  =  0  when  /j  =  E  +  r)  we  obtain 

0  loge  (R  -f  r)  =  C,  (5) 

C  loge      —  ^'^^  =  0.  (6) 


Whence, 
Therefore, 


c  loge  r  =  kh  -h  ('  loge  (R  +  r). 


kh 


in  wliich  711  is  a  constant. 


'i  i«  the  quantity  of  water  that  would  be  transmitted  in  unit  time  througli  a  cylinder  of  the  Mtone 
of  unit  length  and  croHS  section,  under  unit  difference  in  hrad  at  the  «'nd.s. 
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Substituting  the  constant  c  in  (2)  we  obtain 


E\-  (8) 


The  velocity  at  the  wall  of  the  well  is  found  by  placing  p  =  and 
by  multiplying  the  velocity  at  the  Avail  of  the  well  by  2  tt  r  a,  the  sur- 
face of  the  well,  we  obtain  an  expression  for  the  total  amount  flowing 
into  the  well  in  unit  time,  or 


'1 

27rh1ca 


f= 


lOge  (1  +  5) 


27tKka  ,  .  ^ 

^QQ.  cubic  feet  per  minute.  (9) 


lOge  (  1  + 


The  reason  for  taking  R  =  600  feet  will  be  explained  later. 
By  substituting  the  value  of  the  constant  c  in  equation  (4)  we 
obtain 

■  (10) 

and  since    =  h  when  p  =  r,  we  obtain 

log 


P 

e 


which  is  the  law  of  variation  of  the  pressure  along  the  radius  vector  p. 
p  is  seen  to  be  of  the  form  (as  indeed  equation  (4)  shows), 

p  =  m  loge  p  +  0,  (12) 

which  agrees  with  equation  (18),  Chapter  III. 

By  using  the  flux  /as  the  constant  instead  of  we  may  write  (11)  in 
the  convenient  form 

2.  To  illustrate  the  use  of  these  formulas  it  is  well  to  apply  them  at 
once  to  a  particular  case.  Suppose,  for  example,  that  we  have  a  6-inch 
well  penetrating  a  level  bed  of  water-bearing  sandstone  100  feet  thick, 
and  that  the  sandstone  has  an  effective  size  of  grain  of  0.15  mm.  and  a 
porosity  of  30  per  cent.  What  is  the  quantity  of  water  furnished  by  the 
well  if  the  water  in  the  well  be  lowered  by  pumping  10  feet  below  its 
normal  level 
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Here  h  =  10,  a  =  100,  r  =  14,  and  the  value  of  1c  may  be  taken  from 
equation  (47),  Chapter  I,  where  we  find 

A;  =[1.1846]  I , 

or,  with  the  values  of  d  and  h  substituted,  as  written  in  equation  (48), 
Chapter  I, 

1c  =  [7.8169  -  10], 

in  which  the  bracket  incloses  the  logarithm  of  the  true  value  of  A*. 

The  value  of  E,  or  the  distance  from  the  wall  of  the  well  to  a  point  at 
which  the  pressure  is  essentially  normal,  is  usually  taken  as  200  meters, 

R 

or  about  600  feet.^  The  natural  logarithm  of  (1  +  ^  )  is  in  this  case 
7.7835.    From  this  data,  equation  (9)  furnishes  the  flux  of  the  well. 

/=  5.234  cubic  feet  per  minute.  (14) 

3.  If  we  assume  a  larger  sized  soil  grain  and  a  larger  porosity,  say 
d  =  .25  mm.  and  porosity  =  32  per  cent,  the  other  elements  of  the 
problem  remaining  the  same  as  above,  we  shall,  of  course,  obtain  a 
much  larger  flow.  The  value  of  Ic  for  the  data  just  given  can  be  found 
in  Chapter  I,  equation  (49).  It  is  there  found  to  be  [8.3537  —  10],  which 
gives  a  flux  of 

/=  18.01  cubic  feet  per  minute.  (15) 

4.  It  is  observed  from  formula  (9)  that  the  yield  of  a  well  is  directly 
proportional  to  the  amount  that  the  surface  of  the  water  in  the  well 
is  lowered  by  pumping.  The  statement  for  a  flowing  artesian  well 
should  be,  of  course,  that  the  yield  is  proportional  to  the  change  in 
head  from  a  static  to  a  flowing  condition.  In  the  case  of  flowing  wells, 
however,  the  yield  may  be  largely  or  entirely  controlled  by  the  capacity 
of  the  tubing  or  well  hole  to  transmit  water.  The  equation  (9)  is 
obtained  on  the  assumption  that  the  bore  of  the  well  is  large  enough 
to  carry  off'  without  appreciable  resistance  all  of  the  water  furnished 
by  the  percolating  surface  of  the  well.  Undoubtedly,  in  many  actual 
cases,  where,  for  example,  the  stone  is  very  coarse-grained  and  the 
static  ])ressnre  at  the  well  is  enormous,  the  controlling  fact  is  the 
capacity  of  the  pipe  and  well- hole  to  carry  water.  In  a  given  instance 
the  effect  of  the  frictional  resistance  of  the  tubing  and  well  wall  may 
be  taken  account  of  by  means  of  the  usual  hydraulic  formuhe  or  tables 
for  the  flow  of  water  through  i)ipes,  as  will  be  illustrated  later. 

5.  If  the  capacity  of  the  pipe  and  well  is  sufficient  to  carry  off',  with- 
out ai)pre(  iable  lesistaiH^e,  the  water  that  comes  to  them,  an  increase 
in  the  size  of  the  well  will  have  but  a  slight  effect  on  the  amount  of 


This  seems  to  be  the  value  used  by  Lueger,  Fruhling,  and  othor  Continental  authnritieB. 
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water  furnished  by  it.  This  is  because  that  part  of  the  expression  for 
the  flux  of  the  well  which  depends  upon  the  radius  of  the  well,  namely, 

log,  (1  +  ~),  '  (16) 

vanes  but  slightly  for  a  variation  in  r.  In  fact,  if  we  compute  the  flow 
of  a  2-inch,  a  4-inch,  and  a  12-iiich  well,  with  all  other  circumstances 
the  same  as  in  the  last  article,  we  obtain  the  following  results : 

Table  IV. — Capacity  of  wells  of  various  sizes,  extending  200  feet  into  sandstone  of  a  given 

kind,  floiving  under  10-foot  head. 

[No  allowance  is  made  for  friction  on  sides  of  well  or  pipe.] 


Size  of  well. 

Capacity 
per  minute. 

Inches. 

Cubic  feet. 

2 

15.79 

4 

17.11 

6 

18.01 

12 

19.  78 

Of  course  the  friction  in  the  2-inch  well  would  cut  the  above  figures 
down  enormously,  but  the  figures  for  the  6-inch  and  the  12-inch  wells 
would  not  be  modified  materially  for  any  length  of  suction  pipe  that 
would  probably  be  used. 

6.  To  illustrate  the  important  part  which  pipe  friction  plays  in  the 
capacity  of  these  wells,  let  us  suppose  that  in  case  of  each  of  the 
above  wells  the  friction  of  well  wall  and  suction  pipe  is  equivalent  to 
200  feet  of  straight  pipe  of  the  same  size  as  the  well.  By  the  use  of 
Weston's  Hydraulic  Tables  ^  we  are  able  to  take  account  of  the  retard- 
ing influence  of  friction.  Turning  to  page  55  of  Weston's  table,  we 
notice  that  a  mean  velocity  of  12  feet  per  second  (which  corresponds  to 
the  computed  flow  of  15.79  cubic  feet  per  minute  for  the  2-inch  well) 
would  require  to  maintain  it  a  head  of  24.62  feet  per  100  feet.  Inas- 
much as  we  have  assumed  in  the  above  problems  that  the  total  effect- 
ive head  available  is  only  10  feet,  it  is  plain  that  a  capacity  of  15.79 
cubic  feet  per  minute  is  impossible  for  a  2-inch  well  if  we  count  the 
resistance  of  200  feet  of  pipe.  On  page  54  of  the  same  table  we  note 
that  a  velocity  of  4.08  feet  per  second  gives  a  loss  of  head  of  3.63  feet 
per  100  feet  or  of  7.3  feet  per  200  feet.  This  would  leave  but  3.6  feet  of 
the  available  head  of  10  feet  to  produce  a  flow  into  the  well,  which, 
then,  would  give  a  velocity  of  only  3G  per  cent  of  12  feet  per  second  or 
4.3  feet  per  second.    This  nearly  agrees  with  the  tabulated  velocity 


1  Edmund  B.  Weston,  Tables  showing  loss  of  head  due  to  friction  of  water  in  pipes,  New  York,  1896. 
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4.08,  so  that  the  actual  capacity  of  the  2-inch  well  is  about  36  per  cent 
of  15.79,  or  about  5.7  cubic  feet  per  minute. 

The  particular  entry  in  Weston's  table  that  gives  the  desired  correc- 
tion can  easily  be  found  by  a  few  trials.  The  correction  for  a  4-inch 
well  can  be  found  on  page  97.  The  flow,  17.11  cubic  feet  per  minute, 
found  above  corresponds  to  a  mean  velocity  of  3.3  feet  per  second.  A 
mean  velocity  of  2.81  feet  per  second  gives,  from  page  97  of  Weston's 
table,  a  loss  of  head  of  1.83  feet  per  200  feet.  This  is  a  reduction  of 
head  of  18.3  per  cent  of  10  feet,  and  a  reduction  of  18.3  per  cent  from 
the  mean  velocity  of  3.3  gives  a  velocity  of  2.7,  which  is  fairly  close  to 
2.81,  the  velocity  used.  A  reduction  of  18.3  per  cent  from  the  capacity 
17.11  found  above  for  the  4-inch  well  gives  a  corrected  value  of  about  14 
cubic  feet  per  minute. 

The  correction  for  the  friction  of  200  feet  of  6-inch  pipe  for  the  6-inch 
well  gives  a  reduction  of  about  3  per  cent  in  the  capacity  of  the  well, 
or  a  corrected  value  of  17.5  for  the  flow  in  cubic  feet  per  minute.  The 
12-inch  well  presents  but  an  inappreciable  amount  of  friction. 

The  results  just  found  are  given  in  the  following  table: 

Table  V. — Capacity  of  the  wells  of  Table  IV,  allowing  in  each  case  for  the  friction  of  200 

feet  of  pipe  same  size  as  well. 


Size  of 
well. 

Capacity 
per  minute. 

Inches. 

Cubic  feet. 

2 

5.7 

4 

14.0 

6 

17.5 

12 

19.  78 

The  variation  in  pressure  in  the  water-bearing  stratum  as  we  pass 
away  from  the  well  along  a  radius  is  given  by  equation  (10)  above. 
It  is  seen  from  this  that  the  greatest,  drop  in  pressure  is  in  the  imme- 


Ft.  20     19      18     17     16     15     U     i:{     12     11      10      9       8       7       fi       5       4       3       2       1  U 
Fio.  82.— Curve  showing  the  variation  in  pressure  in  the  neighborhood  of  a  6-inch  well.  AbscisBas 
indicate  distance  from  well  and  ordinates  pressure.    The  total  dro])  in  pressure  in  X\u\  well  is  sup- 
pos«-d  to  Ih'  10  feet. 

diate  iicigliborliood  of  tlie  well,  although  the  pressure  gradient  is 
nowhere  very  high.  The  variation  in  pressure  for  th(^  well  described  in 
section  2  is  shown  graphically  in  fig.  82.  The  gradient  becomes  less 
and  h'ss  as  we  get  farther  from  the  well,  finally  vanishing  altogether. 
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Table  VI. — Drop  in  pressure  at  various  distances  from  a  6-inch  well  which  is  lowered 

10  feet  hy  pumping. 


Drop  in 
pressure. 

Distance 
from  center 
of  well. 

Drop  in 
pressure. 

Distance 
from  center 
of  well. 

Feet. 

Feet. 

Feet. 

Feet. 

10 

0. 25 

5 

12,  25 

9 

.54 

4 

26.67 

8 

1.19 

3 

57.  52 

7 

2. 58 

2 

126. 50 

6 

5.  62 

1 

275. 50 

7.  If  a  well  does  not  pass  entirely  through  the  water-bearing  stratum, 
the  facts  controlling  its  flow  are  somewhat  modified.  An  exact  mathe- 
matical treatment  of  the  i)roblem  is  i3robably  possible,  but  a  simple  and 
roughly  approximate  method  is  all  that  seems  to  be  warranted  at 
present.  It  is  probably  accurate  enough  for  our  purposes  to  suppose 
that  the  ground  water  flows  into  the  end  of  the  well  in  about  the  same 
way  that  it  would  flow  into  a  hemispherical  cavity,  as  shown  in  fig.  83. 
The  problem  consists,  then,  in  first  determining  the  flow  of  ground  water 
into  a  spherical  cavity  within  which  the  pressure  is  reduced  below  the 
normal  by  an  amount  equal  to  the  ett'ective  head  of  the  well. 

Let  r  be  the  radius  of  a  spherical  cavity  into  which  ground  water  is 
flowing  with  an  effective  head  equal  to  h.  If  p  is  the  distance  of  any 
point  P  from  the  center  of  the  sphere,  we  have  for  the  velocity  at  that 
point 

v  =  Tcf. 

dp 


(17) 


The  velocity  along  the  radius  vector  to  the  point  P  must  vary  inversely 
as  the  square  of  its  distance  p  from  the  center  of  the  sphere,  since  equal 
volumes  of  water  must  pass  each  of  the  concentric  spherical  surfaces  in 
equal  times.    That  is 

(18) 


c 

P" 


where  c  is  a  constant  to  be  determined, 
in  (17)  and  integrating  we  get 


Substituting  this  value  of  v 


]c2)  =  -  +C. 


P 


We  know  ]^  =  }i  when  p  =  r,  so  that 


Whence 


Ic  (h-p)  =---. 

p  r 


c=Tc  (Ji-p)  , 
r  -  p 


(19) 

(20) 
(21) 
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If  we  write  v,  as  the  velocity  at  the  wall  of  the  spherical  cavity,  we 
have  from  (18) 

^^  =  p.  (22) 

aDd  substitutiug  the  value  of  c  from  (21) 

_  k  {h  —p)  p 


V,  = 


r  — 


(23) 


as  p  increases  — - —  approaches  —  1,  while  p  approaches  0,  whence 
r  —  p 

V,  =  (24) 

wherein  the  negative  sign  has  been  neglected,  since  it  merely  signifies 
that  the  velocity  is  directed  toward  the  center  of  the  sphere. 

Multiplying  r  by  4  tt  r-,  the  surface  of  the  sphere,  we  get  the  flux  into 
the  spherical  cavity  to  be 

(/  =  4  TT  Tchr  (25) 

and  for  a  hemispherical  cavity, 

q  =  2  Tt  Mr,  (26) 

8.  The  flow  into  the  end  of  a  well  of  radius  r  must  present  an  analogy 
to  the  flux  into  a  hemispherical  cavity.  To  estimate  the  amount  of  this 
flow  we  may  imagine  that  the  end  portion  of  the  well  of  height  r  and 
diameter  2  r  is  converted  into  a  hemisphere  of  equal  surface;  we  take 
the  surface  of  the  end  portion  of  the  well  mentioned  above  as  3  tt  r^,  the 
radius  of  the  equivalent  hemisphere  will  be  Vf  r  and  the  flow  into  this 
will  be,  by  (26)  above, 

q  =  2,5  TT  Mr,  (27) 

in  which  r  is  the  radius  of  the  well. 

The  formula  for  the  flow  into  a  well  which  does  not  pass  through 
the  water-bearing  stratum  is  then 

2  TT  h  h  (a  —  r)     ^  ^ 

^  =   /       600  (  +      ^  T'hr.  (28) 

loge  (  1  +  ^  j 

It  the  well  passes  through  strata  of  various  structure  and  various 
degrees  of  fineness,  as  is  usually  the  case,  then  if  /ii,  /t'2,  ...  be 
the  constants  for  the  various  strata  of  rock  or  soil,  and  if  «],  .  .  . 
be  the  thickness  of  the  various  strata,  then  (28)  must  be  broken  up 
into  parts  as  follows : 

2  7r/t  (A-,  a, +  ...) 
/=  ^  \         +  2.;)  TT /c„ //r.  (29) 

log.  (  1  4- 


r 
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9.  To  illustrate  the  application  of  (28),  suppose  that  the  well  of  the 
problem  in  section  3  extended  but  50  feet  into  the  sandstone.  Then, 
without  the  end  correction,  the  flow  of  the  well  would  be  9  cubic  feet 
per  minute.    Equation  (27),  using  the  value  of  li  from  section  3,  gives 


the  end  flow  to  be  0.44  cubic  foot  per  minute,  which  is  5  jjer  cent  of  the 
total  flow. 

10.  Suppose,  however,  that  the  well  is  20  feet  in  diameter  and  has  a 
depth  of  22  feet,  the  soil  grains  and  porosity  remaining  the  same  as  in 
section  3.  We  desire  to  know  the  capacity  of  the  well  if  the  water  is 
lowered  10  feet  by  pumping.  We  may  consider  the  lower  10  feet  of  the 
well  to  constitute  a  case  of  (27)  with  r  =  10,  the  side  flow  of  the  upper 
12  feet  to  be  determined  by  formula  (9).  For  the  data  of  this  problem 
(27)  becomes 
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q  =  2.5  TT  [8.3537  — 10]  10  x  10  =  17.73  cubic  feet  per  minute, 
and  (9)  becomes 

y  _  2  TT  [8.353^7^  10]  10  X  12  _        cubic  feet  per  minute, 

or  a  total  flux  of  21.87  cubic  feet  per  minute. 

11.  The  following  table  gives  the  theoretical  flow  of  a  6-inch  well  in 
•  a  bed  of  sandstone  100  feet  thick  for  the  effective  sizes  of  grains  given 
in  the  table  and  when  the  water  is  lowered  the  distance  named  by 
pumping.  The  porosity  has  been  assumed  to  be  32  per  cent  and  the 
temperature  taken  equal  to  10°  O.  Of  course  many  of  the  results 
tabulated  for  large-grained  material  and  high  pressure  are  entirely 
fictitious,  for  a  ()-inch  well  can  not  transmit  enormous  amounts  of  water 
under  such  moderate  heads.  To  derive  true  results  from  the  tabulated 
figures,  the  depth  of  the  well  and  the  lengtli  of  the  suction  pipe  must 
be  given,  so  that  the  friction  may  be  taken  account  of  by  means  of 
Weston's  tables,  as  explained  above. 

Table  VII. — Capacity  of  6-inch  well  extending  100  feet  in  material  of  various  kinds,  for 

various  heads  of  pressure.  , 


[Flux  in  cubic  feet  per  minute.    Porosity,  ;}2  per  cent;  temperature,  10°  C] 


Size 
grain. 

4-foot  head. 

8-foot  head. 

12-foot  head. 

l(j-foot  head. 

20-foot  head. 

Mm. 

0.02 

0.  0473 

0.  0946 

0. 1419 

0. 1892 

0.  2366 

.04 

.  1893 

.3786 

.5679 

.7572 

.9464 

.06 

.  5796 

1. 1592 

1.738 

2.318 

2. 898 

.08 

.  757 

1.514 

2. 271 

3.  028 

3.  785 

.10 

1.083 

2. 166 

3.  246 

4.  332 

5.  915 

.20 

4.73 

9.  46 

14. 19 

18. 92 

23.66 

.40 

18. 93 

37. 86 

56.  79 

75.72 

94.  64 

.60 

57.  96 

115.  92 

173.8 

231.8 

289.8 

.80 

75.  7 

151.7 

227. 1 

302.8 

378.5 

1     1. 20 

170.  3 

340.  6 

510.9 

681.2 

851.7 

3. 00 

1,065 

2, 130 

3,195 

4, 260 

5,  322 
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WELLS  IN  A  REGION  IN  WHICH    THE   GROUND  WATERS  HAVE 
A  CONSTANT  VELOCITY  IN  A  GENERAL  DIRECTION. 

12.  We  may  suppose  that  the  ground  water  in  a  given  region  has  a 
general  motion,  due  to  the  dip  of  strata^  to  a  sloping  water  table,  or  to 
any  other  cause.  8uch  general  motion  does,  of  course,  take  place  in 
nearly  all  cases  of  the  existence  of  ground  water,^  but  it  is  only  in  those 
cases  in  which  the  motion  is  of  appreciable  magnitude  that  a  consider- 
ation of  it  is  of  much  importance. 

13.  Assume  that  a  water-bearing  stratum  has  a  uniform  dip  of  m  feet 
in  100  feet  and  that  the  ground  water  has  a  motion  corresponding  to  the 
slope  of  the  strata.  We  must  then  conclude  that  the  lines  of  flow  are 
straight  lines  parallel  to  the  dip  and  that  the  lines  of  equal  pressure 
are  straight  lines  perpendicular  to  the  dip,  forming  a  checkerboard 
arrangement  with  the  lines  of  flow.  If  a  well  be  placed  in  this  region, 
the  checkerboard  arrangement  of  lines  will  be  disturbed  and  a  new  set 
of  lines  of  flow  and  lines  of  equal  pressure  will  be  established,  which 
will  be  a  combination  between  the  lines  for  the  well  and  the  lines  for 
the  dipping  stratum. 

The  lines  of  flow  and  pressure  can  be  drawn  for  the  combination  of 
two  cases  of  flow,  if  the  lines  be  known  for  the  separate  cases,  by  a 
very  simple  device.  To  illustrate  the  method  let  us  draw  the  lines  of 
flow  for  the  case  above  mentioned.  The  lines  of  flow  for  the  well  are 
straight  lines  converging  to  a  point.  The  lines  of  flow  for  the  dipping 
strata  are  a  set  of  equidistant  parallel  lines.  Let  both  sets  of  lines  be 
drawn,  as  in  fig.  84.  As  a  result  of  this  construction  the  plane  is 
divided  up  into  a  large  number  of  quadrilaterals,  as  A  C  B  P,  etc. 
Indicating  on  each  side  of  these  quadrilaterals  the  direction  of  motion, 
a  diagonal  may  be  drawn  possessing  the  elements  of  motion  due  to 
both  systems  of  lines.  In  fig.  84  the  lines  are  purposely  drawn  far 
apart  in  order  to  illustrate  the  method  of  drawing.  If  the  lines  of  flow 
be  taken  closer  together,  it  is  easy  to  draw  the  resulting  curves  with 
great  accuracy.  Sixty  lines  of  flow  were  used  in  drawing  the  curves 
of  PI.  XYII. 

14.  Having  drawn  the  lines  of  flow  representing  the  combination  of 
two  sets  of  lines  of  flow,  it  is  easy  to  combine  with  the  resultant  lines 
any  other  desired  system  of  lines.  Thus  by  combining  the  lines  of 
flow  of  a  second  well  at  W2  with  the  line  of  flow  of  PI.  XYII  the  lines 
of  fig.  80  result.  If  one  well  is  drawing  more  water  than  the  other, 
then  the  number  of  lines  of  flow  for  the  wells  must  be  in  proportion  to 
the  flow  of  each.  Doubling  the  number  of  lines  of  flow  corresponds 
to  the  doubling  of  the  velocity  of  flow. 

In  fig.  85  the  well  Wi  draws  water  from  the  region  above  the  curved 


1  See  Indications  of  the  movement  of  water  in  the  chalk  formations,  by  Latham :  The  Engineer,  Vol. 
XLIV,  p.  320. 


U.  S.  GEOLOGICAL  SURVEY 


NINETEENTH  ANNUAL  REPORT      PART  II      PL.  XVII 


LINES  OF  FLOW  INTO  A  WELL  IN  A  REGION  IN  WHICH  THE  GROUND  WATER  HAS  A  CONSTANT 

MOTION  IN  A  GENERAL  DIRECTION. 


SLIGHTER.]  FLOW  OF  ARTESIAN  WELLS.  369 

line  A  N  B  only.  The  well  W2  draws  water  from  the  region  between 
the  curved  line  A  iN"  B  and  a  similar  but  flatter  curve  passing  through 


.    \  \ 

^  1 

1 

1 

/ 

\  1 

c/ / 

B  / 

} 

1 » 

\ 

Fk».  84. — Diagram  illiisl  rat  ing  method  of  drawinf:  linos  of  tlow  ii)t(»  wells. 


and  I).  Tlie  water  below  this  last  curve  never  reaches  cither 
well,  but  continually  i)asses  away  in  the  direction  indicated  by  the 
arrows. 

1!)  (iKOL,  I'T  li  24 
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15.  The  analysis  of  the  problem  of  the  well  iu  a  region  of  moving 
ground  water  is  quite  simple.    The  variation  of  pressure  in  the  direc- 


FiG.  85. — Lines  of  flow  into  two  interfering  wells  in  a  region  in  which  the  ground  water  has  a  motion 
in  a  general  direction.  The  diagram  assumes  that  the  general  motion  of  the  ground  Avater  is  from 
north  to  south. 

tion  of  flow  in  a  uniformly  dipping  stratum  may  be  written  if  x  is 
measured  in  the  direction  of  flow  and  if  m  represents  the  drop  in  pres- 
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sure  per  100  feet.  Gombiuiug  this  with  equation  (11)  above,  we  may 
write  as  the  hiw  of  pressure  for  the  combiued  problem 


log.  " 


P  =  li  ^-  +  100'  ^^^^ 

or  ill  polar  coordinates 

P  =  h  —+  Soo— 

The  tlow  into  the  well  is  unmodified  by  the  general  motion  of  the  ground 
water,  for  the  loss  of  velocity  on  one  side  of  the  well  is  just  balanced 
by  the  gain  of  velocity  on  the  other  side. 

The  point  S  is  easdy  determined,  for  it  is  the  point  at  which  the 
radial  velocity  toward  the  well  is  zero.    That  is 

dp~]        _        h        1  m 

dp  J  0  =  o~  ,  p     100'  (32) 

which  is  zero  if 


(33) 


If  //  =  10  feet,  r  =  1  foot,  and  R  =  600  feet, 


128.48 


If  the  slope  of  the  ground  water  is  1  foot  per  100  feet,  m  —  1  and 

WS  =  128.48  feet, 

WP  =  (1.578)  WS  =  202.7  feet. 


MUTUAL  INTERFERENCE  OF  TWO  WELLS. 

10.  Suppose  that  two  wells  penetrate  the  same  water-bearing  stratum. 
If  the  wells  are  not  too  far  apart,  and  if  one  or  both  be  pumped  for  a 
considerable  time,  an  interference  of  one  of  the  wells  upon  the  supply  of 
the  other  will  soon  be  developed,  which  interference  may  show  itself  by 
a  marked  lowering  of  the  water  in  one  of  the  wells  below  the  point  at 
which  It  would  stand  if  the  other  well  did  not  exist.  It  is  now  proposed 
to  investigate  this  subject  mathematically.  We  shall  suppose  at  first 
that  the  two  wells  are  alike  in  size  and  in  all  other  respects,  and  by 
the  interference  we  shall  mean  the  comparison  of  the  flow  of  either 
well  when  ])otli  are  lowered  by  pumping  a  stated  amount  with  the  flow 
of  the  same  well  under  lilvc  circumstanc^es,  siipposiiig  the  other  well  to 
l»e  nonexistent. 
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17.  Consider  two  wells  of  the  same  size,  distant  2a  feet  from  each 


y 

Fig.  86.— Diagram  for  the  problem  of  the  mutual  interference  of  two  or  three  wells. 

(fig.  86)  be  any  point  in  the  stratum  distant  pi  from  the  well  Wi  and 
distant  po  from  the  well  W2.  From  equation  (12)  above  the  reduction 
in  i)ressure  at  the  point  P  due  to  Wi  is 

27'  =  m'  loge  A  +  (35) 

and  the  reduction  in  pressure  at  the  same  point  due  to  W2 

p"  =  m"  loge  P2  +  c",  (36) 

whence  the  reduction  in  pressure  due  to  both  wells  is 

p=p'  -\-  p"  =  mi  loge  Pi  p2  +  cj.  (37) 

It  is  convenient  to  pass  to  rectangular  coordinates  by  the  substitu- 
tions 


which  gives  the  equation 

p  =  hm,  loge  [f  af]  [if  +  (J?  +  af]  +  c,,  (39) 

To  determine  the  constants  mi  and  Ci  we  may  write 

2/  =  0,  and  x  =  a  -\-  7';  ])  =  (40) 
1/  =  0,  and  x  =  a-\-  600 ;  ^9  =  0 ;  (41) 

the  last  condition  meaning  that  the  reduction  of  pressure  is  assumed  to 
be  zero  at  a  distance  of  600  feet  from  the  well,  as  explained  in  section  2 
above.   From  the  conditions  (40)  and  (41)  we  determine  that 

}i  =  ^  mi  loge  ("^^)  (^^  +  4:ar  +  4:a'^)  +  Ci, 

0  =  hui  loge  (6002)  (5002  ^  2400^1  +  4^^)  +  Ci, 
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and  neglecting  the  square  of  r  in  comparison  with  4a  we  may  write 

2h 

log774^rM-  4a V)-loge  360000  (2a  +  600) 
and 

ci  =  -Jmi  loge  360000  (2a  +  GOO)-'.  (43) 


18.  The  flow  into  each  well  can  easily  be  determined,  for  while  the 
velocity  of  the  ground  water  is  very  slightly  greater  on  the  right  side 
of  Wi  than  on  the  left  side,  yet  the  average  velocity  is  very  nearly 
equal  to  the  velocity  normal  to  the  line  OX  at  the  point  («,  r).  This 
velocity  can  be  easily  found,  inasmuch  as  we  have  the  general  relation, 

from  Chapter  II,  section  2.    Thus  we  find  from  (39)  above  that 

mill  (AA.\ 

dy  ^  y'^    -^)'    y-  +   +  a)''  ^  ^ 

and  for  x  —  a  and  y  =  r  this  becomes 

Jy  (r2"+4a^ V '  ^'^^) 

The  last  substitution  is  made  on  the  assumption  that  r  is  much  smaller 
than  a,  as  is  the  case  unless  the  wells  are  but  a  few  feet  from  each 
other. 

The  average  velocity  at  the  wall  of  the  well  is  then 

km] 

= y .  (46) 

in  which  mi  has  the  value  given  in  (42)  above. 

19.  Suppose  that  the  wells  Wi  and  W2  are  6-inch  wells,  and  that  the 
water  is  lowered  10  feet  in  each  well  by  pumping,  and  that  the  wells 
are  200  feet  apart.  Then  in  (42)  h  --^  10,  r  =  a  =  100,  so  that  we  find 
that 

m,  =  1.087.  (47) 


The  velocity  at  the  wall  of  a  single  well  is,  from  (2)  above, 
in  which,  from  (7)  above, 


km 

V  =  (48) 


h 

m  =   


\  r 

From  the  data  given 

10  10 

^^^  =  log.  2401  =  7:872r>  =  ^-2^^^-  (^^) 

Now.  the  velocity  of  ground  water  at  the  wall  of  one  of  the  two  wells 
is  to  the  velocity  at  tlie  wall  of  a  single  wx'll  as  1.087  is  to  1.270.  Thus 
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each  of  the  two  wells  under  discussion  will  have  a  flow  15.35  i^er  cent 
less  than  the  flow  of  a  single  well  of  same  size.  We  shall  describe  this 
fact  as  an    interference  of  15.35  per  cent." 

Keeping  the  size  of  wells  and  the  amount  of  lowering  by  pumping 
the  same  as  above,  but  giving  various  values  to  the  distances  between 
the  wells,  we  have  computed  the  results  given  in  Table  VIII. 

Table  VIII. — Mutual  interference  of  two  6-inch  wells  placed  various  distances  apart. 


Distance 
apart  of 
wells. 

Interfer- 
ence. 

Distance 
apart  of 
wells. 

Interfer- 
ence. 

Feet. 

Per  cent. 

Feet. 

Per  cent. 

5 

38.  33 

200 

15.35 

10 

34.53 

400 

10. 51 

100 

20. 09 

1,  000 

6. 23 

20.  The  lines  of  flow  into  two  interfering  wells  are  shown  by  fig.  87. 
(See  also  fig.  73,  Chapter  III.)    The  lines  of  flow  into  two  wells,  one  of 
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Fig.  87. — Lines  of  flow  and  lines  of  equal  pressu 

lines  of  flow  are  inc 


e  for  two  interfering  wells  of  eqnal  capacity.  The 
icated  by  arrowheads. 


which  is  furnishing  twice  as  much  water  as  the  other,  may  be  easily 
drawn  by  the  method  explained  in  section  13.    The  lines  of  flow  into 
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the  ^vell  of  double  capacity  should  be  represented  by  twice  as  many 
rays  as  there  are  used  for  the  lines  of  flow  of  the  smaller  well,  and 


Fig.  88.— Line.s  of  flow  for  two  interfering  wells  in  the  case  in  which  one  well  has  double  the  capacity 
of  the  other.    The  well  W,  is  here  represented  to  have  double  the  capacity  of  the  Avell  W.^. 

similarly  for  any  other  ratio  of  flow.  Fig.  88  was  drawn  in  this  man- 
ner, Wi  having  twice  the  capacity  of  W2. 

MUTUAL  INTERFERENCE  OF  THREE  WELLS. 

21.  In  fig.  86,  let  Wi,  O,  and  W2  represent  three  wells  of  the  same 
size  penetrating  the  same  water  bearing  stratum.  We  desire  to  deter- 
mine the  interference  of  the  wells  upon  each  other,  and  for  that  purpose 
we  shall  compare  the  flow  of  one  of  them  with  what  would  be  its  flow 
were  the  other  two  wells  nonexistent.  It  is  sujjposed  that  the  water 
is  lowered  the  same  amount  in  each  well  by  pumping. 

The  reduction  in  pressure  at  the  point  P  is  found  in  an  entirely 
analogous  way  to  that  of  section  17.    It  is  easily  seen  to  be 

p  =  h  nu  log,.  (2/-  +  [-I'  —  af)  (7f  +  [.r  +  a]')  {,r'  +  if)  +('2.  (51) 

The  constants      and     may  be  determined  from  the  data 

y  =  r,  .!•  =  ((,  —  a,  or  0,  when  p  =  /i,  (52) 

.r  =  0,  y  =  (JOO,  when  J?  =  i).  (53) 

From  these  considerations  we  find 

'"^  ^log..  (600 '  -I-  a')  (100  —  ]og~a^r '  ^'^"^^ 
c.^  =  _  ui,  log,.  (GOO-  -h  a-)  000.  (55) 
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22.  Proceeding  exactly  as  in  section  18,  we  find  that  the  average 
velocity  into  the  wells  is  proportional  to 


m2ij 


m2y 


for  the  values 


This  gives 


Jy        +  {x  —  a)^~^  y^  -\-  [x     a) ~^  X2 y^^ 


X  =     0,    7/  =  r, 


X 


a 


y  =  r 


X  =  —  a 


d  yAx 


,    y  =  r. 

2  m2  r 
=  0     '^'^  + 


m2 
r 


0 


1)12  ^'  "^112  r  11X2 
-f-  4  -\-  d^~^  r  ' 


(56) 


(57) 
(58) 


Since  a  is  large  in  comparison  with  r,  both  (57)  and  (58)  reduce  to-— ^,  so 
that  the  average  velocity  at  the  walls  of  either  of  the  wells  is 

7)12  I' 


V  = 


(59) 


23.  Suppose  that  the  wells  are  6-inch  wells  and  that  the  water  sur- 
face is  lowered  10  feet  by  pumping.  We  may  then  determine  1)12  from 
(54)  by  putting  h  =  10  and  r  =  1.  By  taking  a  equal  to  5,  10,  and  100 
feet  in  turn,  we  find  for  the  corresponding  values  of 

a  —  5,  Dh  =  .576 ; 
a  =  10,  1)12  =  .626 ; 
rt=:100,    m2  =  .878. 

The  value  of  di  for  a  single  well  of  same  size  and  under  same  head  was 
found  (equation  (50)  above)  to  be 

m=:  1.270. 

Therefore,  since  the  iiow  into  one  of  the  three  wells  bears  the  same 
ratio  to  the  flow  into  a  single  well  as  dh  bears  to  m,  the  interference 
may  be  written  as  percentages  as  follows  : 

Table  IX. — Mutual  interference  of  three  6-inch  tvells  placed  various  distances  apart. 


Distance 
between 
wells. 

Interfer- 
ence. 

- 

Feet. 

Per  cent. 

5 

55.0 

10 

50.7 

100 

30.9 
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By  comparison  of  these  results  with  the  results  of  section  19,  some 
interesting  couelusious  are  reached.  Thus  it  follows  from  section  19 
that  two  wells  10  feet  apart  will  furnish  131  per  cent  of  the  flow  of 
a  single  well.  If  a  third  well  be  placed  half  way  between  them,  so  as 
to  make  three  wells  5  feet  apart,  we  see  from  the  table  just  given  that 
the  total  flow  from  the  three  wells  taken  together  would  be  but  135  per 
cent  of  the  flow  of  a  single  well.  The  gain  on  account  of  the  extra  well 
is  seen  to  be  very  slight — but  4  per  cent.  If,  however,  the  distances 
apart  are  greater,  say  two  wells  200  feet  apart,  the  total  flow  from  the 
two  combined  is  about  169  per  cent  of  the  flow  of  a  single  well.  If, 
now,  a  third  well  be  xflaced  half  way  between  the  two  so  as  to  make  a 
row  of  three  wells  100  feet  apart,  the  total  combined  flow  from  the  three 
wells  is  about  207  per  cent  of  the  flow  of  a  single  well. 

21.  With  all  the  conditions  the  same  as  in  the  case  of  the  20-foot 
well  of  section  10,  what  will  be  the  capacity  of  the  20-foot  well,  if  one, 
two,  and  three  6-inch  wells  extend  through  the  bottom  of  the  20-foot 
well  200  feet  into  the  sandstone! 

The  capacity  of  the  20-foot  well  was  found  in  section  10  to  be  21.87 
cubic  feet  per  minute.  The  capacity  of  a  single  G-inch  well  in  the 
given  material  is  given  in  section  3  as  18.01  cubic  feet  per  minute  for 
a  well  100  feet  deep,  and  is  consequently  36.02  cubic  feet  per  minute 
for  a  well  200  feet  deep.  This  makes  a  total  capacity  of  57.89  cubic 
feet  per  minute,  if  we  neglect  the  interference  of  the  20-foot  well  upon 
the  small  well.  As  a  matter  of  fact,  the  pressure  varies  inversely  as 
the  square  of  the  distance  from  the  large  well,  which  fact  would  leave 
about  20  feet  of  the  upper  end  of  the  small  well  useless.  While,  of 
course,  this  ])art  of  the  small  well  would  furnish  some  water,  it  would 
be  chiefly  at  the  expense  of  the  large  well.  Therefore,  it  seems  more 
reasonable  to  assume  that  the  capacity  of  the  6-inch  well  would  be 
reduced  to  at  least  32.6  cubic  feet  per  minute,  giving  a  total  capacity 
of  54.5  cubic  feet  per  minute  for  the  two  wells. 

If  two  G-inch  wells  are  drilled  through  the  bottom  of  the  20-foot  well 
200  feet  deep  into  the  sandstone  the  capacity  of  the  combined  system 
can  be  determined  from  Table  A^III  above.  Taking  the  capacity  of 
each  well  as  32.6  cubic  feet  j)er  minute,  then  if  the  wells  are  5  feet  apart, 
the  double  of  this,  65.2,  must  be  reduced  by  38.33  per  cent,  which  gives 
a  caimcity  of  40  cubic  feet  per  minute  for  the  two  small  wells,  or  61.87 
cubic  feet  i)er  minute  for  the  entire  system.  If  the  wells  are  10  feet 
ai)art  the  reduction  by  Table  A^III  will  be  34.5  per  cent,  giving  a 
capacity  of  42.6  for  the  two  wells,  or  a  total  of  64.5  for  the  system. 

If  three  6-inch  wells  are  di  illed  through  the  bottom  of  the  large  well 
for  a  distance  of  200  feet  into  the  sandstone  the  capacity  of  the  three 
wells  can  be  determined  by  means  of  Table  IX.  If  the  wells  are  5  feet 
ai)art  the  capacity  would  be  55  i)er  cent  less  than  three  times  31*. 6,  the 
capacity  of  each,  or  44  cubic  feet  per  minute.  Tlic  total  How  for  the 
system  would  then  be  6"). 9  cubic  feet  per  minute.    If  the  three  wells 
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are  10  feet  apart  the  interference  would  be  50.7  per  cent  and  the  com- 
bined capacity  of  the  three  small  wells  would  be  49.58  cubic  feet  per 
minute,  and  the  total  capacity  of  the  system  would  be  71.5  cubic  feet 
per  minute. 

MUTUAL  INTERFERENCE  OF  A  LARGE  NUMBER  OF  WELLS 

ARRANGED  IN  A  ROW. 

25.  If  there  are  a  large  number  of  wells  arranged  in  Pj  row,  and  pen- 
etrating the  same  water-bearing  stratum,  the  mutual  interference  will 
be  much  greater  than  for  the  row  of  two  or  three  wells  considered 
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Pig.  89. — Diagram  for  the  problem  of  the  unitual  interference  of  a  large  number  of  wells. 

above.  Let  the  wells  be  at  distances  of  2a  feet  from  each  other,  as  rep- 
resented in  fig.  89.  If  the  number  of  wells  is  very  large,  no  flow  will 
take  place  across  the  planes  AB,  CD,  A^B^,  G^D^,  etc.,  drawn  halfway 
between  the  wells  and  perpendicular  to  the  line  joining  them.  In  fact, 
the  lines  of  flow  and  pressural  lines  for  the  region  A^B'  AB  will  be 
the  same  as  for  each  similar  region,  as  AB  CD,  etc.  The  reduction  in 
pressure  at  any  point  P  can  be  found  by  the  method  of  images,  as 
explained  in  Basset's  Hydrodynamics,  Vol.  I,  p.  59,  and  is  expressed 
by  the  equation 

i>  =        loge  (  cosh^  11  -  cos^         +  03,  (60) 

in  which  m-^  and  <?3  are  constants  to  be  determined  by  the  conditions  of 
the  problem. 
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If  r  is  the  radius  and  h  tlie  amount  of  lowering  of  the  water  surface 
in  each  well  by  pumping,  we  may  write 

y  =  r,     X  =  0,  when  p=h'j 

?/  =  600,  ^  =  0,wheni?  =  05  ^^^^ 

supposing  that  the  lowering  of  the  pressure  is  not  important  at  a 
distance  of  600  feet  from  a  well.    These  conditions  give 

loge  smh  2  a~"^^^'^  ^^°^<r" 

,  .    ,  600  TT 

C3  =  —     loge  sinli  "^rrr*  {^^) 

JU  (X/ 

The  velocity  at  the  well- wall  is  proportional  to 

?>?3  cosh  ^sinh  ^ 


which,  for  x  =  0  and  y  =  r^  reduces  to 


2a      — "2a 


coth 


=  2^  ^^^3  \  -;rr+2V2aJ^^  +  ---  ) 


r 


(64) 


if  r  is  small  in  comparison  with  a.  Thus,  since  tne  velocity  at  the  wall 
of  a  single  well  is  proportional  to  ^, ,  where  m  has  the  meaning  of  sec- 
tion 3,  the  velocity  at  the  wall  of  a  well  of  the  row  of  wells  under  con- 
sideration has  the  same  ratio  to  the  velocity  at  the  wall  of  a  single 
well  as      has  to  m, 

26.  If  the  wells  are  6  inch  wells  and  if  the  lowering  of  the  water  in 
each  well  by  pumping  is  10  feet,  we  have  r  =  ^  and  h  =  10.  \Ve  may 
then  determine  7th  from  (62)  above  for  various  values  of  a  and  tabulate 
them  as  bch)w.  This  table  may  be  compared  with  Tables  and  W 
with  much  interest. 


'A 
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Table  X. — Mutual  interference  of  a  row  of  wells  wliose  memhers  are  various  distances 

apart. 


Distance 
apart  of 
wells. 

m. 

Interfer- 
ence. 

Feet. 

Per  cent. 

100 

0.  4347 

65.8 

200 

.7007 

45 

400 

.  9755 

24 

600 

1. 1007 

14 

1,  000 

1.2002 

6.4 
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GEOLOGY  OF  THE  RICHMOND  BASIN,  VIRGINIA. 


By  K  S.  Shaler  and  J.  B.  Woodworth. 


1 T  R  O  D  U  G  T  I  O  . 

Geographic  position  of  the  Richmond  Basin, — The  area  described  in 
this  report  lies  within  the  region  known  as  the  Piedmont  district,  which 
forms  the  Atlantic  face  of  the  ancient  Appalachian  ranges.  This  bench, 
as  is  well  known,  begins  at  the  eastward  at  a  line  indicated  by  the  falls 
or  rapids  of  manj^  streams  which  flow  into  the  Atlantic  (see  PI.  XVIII), 
having  along  this  line  an  altitude  of  about  100  feet,  and  rises 
thence  in  a  gradual  manner  to  a  height  of  500  to  1,000  feet,  when  it 
meets  the  escari)ment  of  the  Blue  Ridge.  This  rise  is  not  perfectly 
uniform,  but  is  divided  into  several  indistinct  steps.  As  will  be  seen 
by  the  maps,  the  Richmond  area  lies  on  the  eastern  edge  of  this  district, 
on  either  side  of  the  James  River.  The  total  length  of  the  area  in  a 
nearly  north  and  south  direction  is  33  miles,  and  its  maximum  width 
is  9.5  miles,  its  area  being  about  190  square  miles. 

Topography  of  the  area. — Although  geologically  a  very  evident  basin, 
having  a  maximum  depth  of  at  least  3,000  feet,  the  Richmond  area  has 
not  a  distinct  topographic  character,  such  as  the  geologist  is  accustomed 
to  associate  with  mountain-built  rocks.  Its  surface  is  that  of  a  rough- 
ened plain  or  low  table  land,  which  is  vsomewhat  intersected  by  the 
lesser  streams  and  is  divided  by  the  relatively  broad  and  deep  gorge  of 
the  James  River.  The  ancient  granites  aiul  gneisses  of  the  i^eriphery 
of  the  area,  as  well  as  the  numerous  dikes  within  its  limits,  are  all  worn 
down  to  about  the  same  level  with  the  deposits  of  the  basin  itself,  the 
materials  of  which  are  relatively  more  liable  to  decay  and  erosion.  Only 
here  and  there  is  it  possible  for  even  the  trained  observer  to  trace  any 
very  distinct  topograi)h'ic  indications  of  the  contact  between  the  sedi- 
mentary deposits  contained  in  the  trough  and  the  igneous  and  crystal- 
line l  ocks  of  the  surrounding  country.  Except  in  certain  rare  localities, 
the  surface  in  no  wise  reveals  their  juxtai)o.sition. 

Distrihution  of  streams. — Tlui  relief  of  the  Richmond  area  is,  as  before 
stated,  low,  like  that  of  the  surrounding  Piedmont  district.  The  riames 
and  tlie  Appomattox  rivers,  wliich  cross  tin^  area,  liave  (mt  trenches 

393 


394 


GEOLOGY  OF  THE  RICHMOND  BASIN,  VIRGINIA. 


from  100  to  nearly  200  feet  deep.  The  course  of  the  former  stream 
across  the  area  exhibits  the  most  marked  indifference  to  the  struc- 
ture of  the  basin,  flowing  eastward  across  north  and  south  belts  of 
granite,  gneiss,  sandstones,  and  shales.  The  Appomattox  River  flows 
around,  in  a  hit-or-miss  way,  the  southern  border  of  the  area,  as  if 
it  were  controlled  in  its  course  by  the  conjunction  of  the  sandstones 
and  shales  with  the  gneisses.  On  the  other  hand,  the  smaller  stream 
known  as  Swift  Creek  flows  southeastwardly  across  the  middle  of  the 
area  in  an  almost  direct  line.  Except  for  the  north  bank  of  the  James, 
which  forms  a  bluff,  here  and  there  i)recipitous,  the  upper  walls  of  these 
stream  valleys  have  widened  out — retreated — so  that  the  descent  to  the 
streams  is  not  steep.  The  rivers,  where  they  are  not  artificially  inter- 
fered with,  are  eroding  their  channels,  as  is  indicated  by  the  rainds  over 
which  they  flow.  This  action  is  imrticularly  noticeable  in  the  Appo- 
mattox. 

Between  the  larger  streams  are  well  defined  divides,  which  likewise 
traverse  the  area  and  the  neighboring  region  of  crystalline  rocks  in  the 
form  of  ridges  at  right  angles  to  the  trend  of  the  rocks.  The  ridge 
between  the  Appomattox  and  Swift  Creek  has  been  followed  by  a  nar- 
row-gauge railway  from  the  edge  of  the  Piedmont  district  to  Farmville, 
thus  avoiding  the  expense  of  building  bridges.  This  divide  separates 
the  Clover  Hill  district  from  the  Midlothian  coal  field,  A  similar  ridge, 
having  its  culminating  point  in  High  Hill,  in  Powhatan  County,  is 
followed  by  the  Buckingham-Midlothian  turnpike.  The  profile  of  this 
latter  divide  is  less  even  than  that  passing  through  Skinquarter,  for 
the  reason  that  some  of  the  small  tributaries  of  the  James  have  pushed 
their  headwaters  far  to  the  south. 

The  manner  in  which  the  soft  shales  of  the  lower  i)art  of  the  Newark 
section  are  brought  to  the  surface  on  the  eastern  and  western  margins 
of  the  area  in  the  James  Piver  section  has  led  to  tributaries  of  the 
James  gnawing  back  from  that  stream  along  the  outcrop  of  these  rocks. 
Tuckahoe  Creek,  on  the  eastern  margin,  and  Jones  Creek,  on  the  west, 
ern  margin,  have  thus  been  in  large  part  determined.  By  reason  of  the 
development  of  the  headwaters  of  Tuckahoe  Creek  over  the  ISTewark 
area  north  of  the  James  Piver,  the  north  bank  of  the  last  named  stream 
has  the  form  of  a  divide,  sloping  gently  northward  into  the  Tuckahoe 
drainage  and  steeply  on  the  south  into  the  James. 

These  divides  are  the  healthiest  portions  of  the  area,  the  inhabitants 
enjoying  a  relative  immunity  from  fevers  and,  owing  to  the  porosity  of 
the  Newark  rocks,  an  abundant  supply  of  potable  water,  obtained 
from  wells. 

^Economic  importance  of  the  area. — The  Richmond  area  is  important 
from  tlie  economic  as  well  as  from  the  scientific  point  of  view.  It  con- 
tains the  only  freely  burnable  coal  lying  immediately  adjacent  to  tide 
water  m  the  eastern  portion  of  the  United  States.  The  quantity  of  this 
fuel,  as  will  hereafter  be  shown,  appears  to  be  sufficiently  large  to  give 
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it  a  value  in  the  industrial  arts,  and  its  quality  is  for  many  purposes 
satisfactory,  as  lias  been  proved  by  nearly  a  century  of  local,  yet  con- 
siderable, use.  The  only  other  area  containing  coal  on  the  Atlantic 
shore  line  of  the  United  States  is  that  of  Narragausett  Bay,  where  the 
extremely  graphitic  nature  of  the  deposits  has  hitherto  limited  their 
utility.  The  several  areas  of  the  maritime  provinces  of  Canada  in  Nova 
Scotia,  Cape  Breton,  New  Brunswick,  and  Newfoundland  are  remote 
from  the  ports  of  the  United  States  and  are  in  large  part  debarred  from 
them  by  import  taxes.  Thus  the  deposits  of  the  Eichmond  area,  pro- 
vided they  can  be  cheaply  mined,  promise  to  afford  a  low-priced  fuel 
which  will  be  accessible  to  the  deep  water  of  the  James  Kiver  with  rail- 
way transportation  of  from  20  to  GO  miles. 

Seientific  prohlems  of  the  area, — The  purely  scientific  problems  of 
this  district  are  numerous  and  of  much  significance.  They  concern  the 
accumulation  of  the  deposits  and  their  subsequent  history;  the  manner 
in  which  the  geologic  basin  in  which  they  lie  was  formed;  the  disloca- 
tion of  the  beds  and  the  relation  of  these  movements  to  the  forces  which 
produced  the  Appalachian  uplifts,  and,  finally,  the  nature  of  the  erosion 
which  has  brought  about  the  complete  effacement  of  the  mountainous 
uplifts  which  were  evidently  in  existence  in  this  field  during  at  least  a 
part  of  the  Jurassic  period. 

It  should  be  said  that  the  work  of  N.  S.  Shaler,  the  senior  contrib- 
utor to  this  report,  began  in  1870,  and  has  been  continued  in  a  number 
of  visits  to  the  field.  On  these  excursions  he  had  an  opportunity  to 
note  the  conditions  in  several  mines  which  have  since  been  abandoned 
and  are  no  longer  accessible.  On  the  other  hand,  the  junior  contributor, 
Mr.  J.  B.  Wood  worth,  who  first  visited  the  district  in  1895,  has  spent 
in  all  about  five  months  on  the  ground,  and  has  personally  examined 
nearly  all  of  the  surface  exposures  and  such  mines  as  were  open.  To 
his  labor  is  due  the  greater  part  of  the  details  contained  in  this  report. 
He  was  assisted  in  the  field  season  of  1896  by  Mr.  George  B.  Eichardson. 


GHAPTEE  I. 

coKDiTio^s's  a:n^d  history  of  the  area. 

USE  OF  THE  TERM  NEWARK. 

The  strata  of  the  Richmond  area,  as  will  be  seen  by  reference  to  the 
next  division  of  this  report,  consist  of  a  great  thickness  of  shales  and 
sandstones  and  scanty  conglomerates,  belonging  evidently  to  one  or 
more  geological  epochs  lying  above  the  base  of  the  Trias.  There  lies 
above  the  section,  which  by  its  abundant  fossils  exhibits  relations  with 
the  Rhetic  of  the  Old  World,  a  thickness  of  2,000  feet  or  more  of  shales 
and  sandstones,  with  traces  of  lignite,  the  geological  position  of  which 
is,  from  the  lack  of  well-determined  fossils,  somewhat  uncertain.  The 
beds  contain  petrified  trees  identical  with  those  in  the  lower  section  of 
the  area,  and  with  forms  found  in  the  so-called  Trias  of  the  Rocky 
Mountain  region.  It  must  be  admitted,  however,  that  the  higher  beds 
may  include  a  portion  of  the  Jurassic.  On  this  account  the  term  New- 
ark, which  has  come  to  be  applied  to  this  and  similar  groups  of  rocks 
lying  along  the  Atlantic  coast  to  the  northward,  will  be  used  as  a  gen- 
eral term  to  designate  the  strata  ot  this  area.  This  term  may  seem  open 
to  criticism  for  the  reason  that  it  is  very  indefinite;  it  is,  however,  not 
more  so  than  our  knowledge  as  to  the  age  of  the  strata  to  which  it 
refers. 

COMPARISON  OF  THE  AREA  WITH  NORTHERN  NEWARK  AREAS. 

It  is  noteworthy  that  beds  which  appear  to  be  related  in  age,  though 
perhaps  not  identical  with  those  of  the  Richmond  area,  occur  along  the 
Atlantic  coast  line  of  this  continent  from  the  Magdalene  Islands,  in 
the  Gulf  of  St.  Lawrence,  to  South  Garolina.  They  are  abundantly 
developed  in  the  maritime  provinces,  but  from  the  shores  of  the  Bay 
of  Fundy  to  the  Gonnecticut  Yalley  they  are  not  exhibited.  From  the 
valley  of  the  last-named  river  southward  to  the  Garolinas  they  are 
developed  in  numerous  areas.  As  far  south  as  central  New  Jersey, 
these  deposits  have  a  tolerably  uniform  character;  they  are  in  large 
measure  made  up  of  red  sandstones  and  shales,  with  which  are  associ- 
ated quantities  of  conglomerate  which  has  a  like  reddish  color.  Now 
and  then  dark  colored,  more  or  less  carbonaceous  or  bituminous  layers 
are  found,  which  in  no  case  contain  deposits  of  coal.  They  are  noted, 
however,  for  their  fossil  fishes.  The  evidence  goes  to  show  that  all 
these  sections  were  deposited  in  fresh- water  basins. 
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As  we  pass  southward  from  New  Jersey,  the  areas  of  the  Newark 
deposits  exhibit  a  distinct  change  in  character;  they  become  much  less 
red,  the  conglomerates  diminish  in  quantity,  and  in  certain  of  the  areas, 
notably  in  the  Richmond  basin,  the  lower  part  of  the  section  shows, 
except  locally,  little  of  the  red  hue  and  contains,  moreover,  several  beds 
of  coal.  These  peculiarities  make  it  evident  either  that  there  was  a 
remarkable  difference  between  the  physical  conditions  of  the  southern 
and  the  northern  areas,  or  that  the  beds  of  the  Virginia  district  repre- 
sent, in  their  lower  parts  at  least,  strata  of  an  age  unknown  in  the  more 
northerly  portion  of  the  coastal  belt. 

It  does  not  seem  possible  at  the  present  time  to  decide  which  of  the 
views  suggested  above  is  to  be  adopted.  It  may  be  noted,  however, 
that  like  variations  in  the  character  of  the  deposits  of  the  same  age  in 
northern  and  southern  fields  are  found  in  the  rocks  of  other  ages.  The 
Carboniferous  and  Cretaceous  strata  evidently  redden  as  we  go  north- 
ward. In  all  these  sections,  as  well  as  in  that  of  the  Newark,  the  red 
hue  in  the  more  northern  regions  appears  to  be  due  to  the  considerable 
amount  of  iron  oxide  which  the  beds  contain.  In  the  case  of  the  New- 
ark, at  least,  the  presence  of  this  iron  may  be  due  to  the  erosion  of  the 
beds  by  the  agency  of  glacial  ice,  which,  as  in  the  deposits  of  the  last 
glacial  period,  has  served  to  bring  a  large  amount  of  ferruginous  mat- 
ter into  the  gravels,  sandstones,  and  clays  that  were  laid  down  near  the 
ice  front.  Under  the  conditions  of  glacial  erosion  and  carriage,  the 
iron  from  the  crystalline  rocks,  usually  in  the  state  of  magnetite,  oxi- 
dizes but  little  before  it  enters  the  newly  formed  strata,  wherein  it 
undergoes  slow  decomposition,  staining  the  beds  in  which  it  is  con- 
tained.^ 

The  above-described  hypothesis^  as  to  the  origin  of  the  red  color  of 
the  northern  rocks  of  the  formations  which  have  been  named  finds  sup- 
port from  the  fact  that  the  beds  of  the  last  glacial  period  are  reddening 
in  the  measure  to  which  they  are  penetrated  by  the  agents  of  decay,  and 
also  in  the  fact  that  the  deposits  in  question  are,  as  we  go  northward 
from  the  line  of  the  Potomac,  composed  in  an  increasing  measure  of 
coarse  pebbles,  which  are  often  formed  of  sound,  comT)ound  crystalline 
rocks,  particularly  of  the  granites,  materials  which  are  rarely  brought 
in  large  quanities  into  the  pebbly  or  bowldery  form  in  an  undec«ayed 
condition  unless  by  glaciation.  It  is  therefore  a  reasonable  tentative 
hypothesis  that  the  sudden  change  in  the  general  character  of  the 
deposits  of  the  Newark  formations,  as  we  pass  from  the  area  in  New 
Jersey  to  those  which  lie  in  the  district  south  of  Washington,  is  due  to 
a  decided  difference  in  the  conditions  of  preparation  and  transporatiou 
of  tlu;  materials  of  the  northern  and  southern  fields. 

•  The  orif^in  of  red  deposits  through  their  derivation  from  areas  of  atmospheric  decay  has  heeu  advo- 
cat«  d  by  Ku>.M*  ll.    S«-o  I'.iill.  U.  S.  Oeol.  Survey  No.  52,  18S9. 

*On  the  zeolo^:}-  of  tlie  Cambrian  district  of  Bristol  County,  Mus.sachusett.s,  l>y  N.  S.  Sbak-r:  IJull, 
MuB.Comp.  Zool.,  Vol.  XVI,  1888,  p.  21, 
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If  we  assume  that  the  northern  deposits  of  the  i^^ewark  were  composed 
of  fragmental  materials  derived  from  the  bed  rocks  by  glacial  action 
we  have  a  reason  at  hand  to  account  for  the  carbonaceous  deposits  at 
the  base  of  the  section  in  the  Eichmond  and  Dan  Eiver  areas.  On  the 
supposition  that  the  more  northern  areas  were  formed  in  connection 
with  glaciation,  we  should  not  expect  to  find  there  extensive  bogs  which, 
however,  would  naturally  have  been  developed  in  the  more  southern 
realm,  where  a  moist,  cool  climate  would  have  existed  in  an  ice  time. 
Therefore  we  may  assume  that  the  peculiar  aspect  of  the  rocks  of  the 
Virginia  basins  may  possibly  be  explained  by  the  supposition  that  the 
exceptional  features  are  due  to  the  above-noted  differences  in  the  con- 
ditions under  which  the  sediments  were  formed  and  laid  down. 

AGE  OF  THE  BEDS. 

As  has  been  noted  by  Fontaine  and  others,  the  fossils  of  the  lower 
portion  of  the  beds  in  this  basin  are  more  closely  related  to  the  Ehetic 
deposits  of  Europe  than  to  those  of  any  other  known  horizon.  Although 
the  identifications  are  of  a  rather  general  nature  and  relate  to  a  few 
species,  they  afford  quite  as  much  evidence  to  prove  identity  of  age  as 
has  often  served  as  a  basis  for  such  reference  in  other  like  instances. 
The  reason  for  departing  from  the  customary  method  of  identification 
in  this  case  may  be  briefly  set  forth,  as  follows: 

Eecent  studies  of  fauuiie  and  flor;Te,  which  constitute  the  many  organic 
hosts  of  sea  and  land,  have  shown  that  they  are  in  frequent  migration, 
changing  somewhat  under  the  influence  of  geographic  and  climatal 
variation  as  they  move  from  one  region  to  another.  From  the  earlier 
stages  of  Paleozoic  time  to  the  present  day  these  hosts  have  been 
rather  limited  in  their  distribution,  it  is  doubtful  if  in  the  past  their 
fields  have  in  general  been  more  extensive  than  we  now  find  them. 
The  assumption  that  the  Ehetic  host  of  northern  Europe  was  coinci- 
dently  on  the  eastern  shore  of  IS^orth  America  appears  therefore  to  be 
unwarranted.  It  is  indeed  more  likely  that  the  beds  on  the  opposite 
sides  of  the  Atlantic  Ocean  which  contain  the  fossils  of  that  assemblage 
are  of  ages  sufficiently  far  apart  to  have  permitted  the  migration  of  the 
host  from  one  region  to  the  other.  As  an  illustration  of  this  principle, 
we  may  cite  the  case  of  the  forests  of  this  country  as  compared  with 
those  of  Europe.  If  we  would  find  the  representatives  of  the  existing 
forest  trees  of  the  Mississippi  Yalley  in  Europe,  we  need  to  look  not 
to  the  living  forms  of  that  continent,  but  to  those  of  the  Tertiary 
period,  which  are  so  like  the  existing  species  of  this  country  that  they 
could  be  readily  mistaken  for  them.  Thus,  if  the  present  woods  of  the 
central  portion  of  l^orth  Aoierica  were  accessible  only  as  fossil 
remains,  they  might  well  lead  to  grave  misconceptions  as  to  the  age 
of  the  beds  in  which  the  record  occurred. 

In  the  present  state  of  our  knowledge  concerning  the  relations  of  the 
geological  sections  in  Europe  and  this  country,  it  is  evidently  unde- 
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sirable  to  multiply  the  instances,  already  too  numerous,  in  which  an 
identity  of  age  of  beds  occurring  on  the  two  continents,  based  on  the 
similarity  of  their  fossils,  is  asserted  by  a  common  name.  On  this 
account  it  has  been  deemed  best  to  use  the  term  ^^ewark,  following  the 
plan  of  Russell,  for  the  assemblage  of  beds  in  the  Richmond  area, 
which  lies  between  the  ancient  foundation  of  the  series  and  the  over- 
lying strata  deposited  after  the  faulting  and  folding  occurred. 

The  term  Xewark,  taken  from  the  section  of  northern  New  Jersey,  is 
itself  open  to  the  objection  that  it  postulates  an  identity  of  age  of 
deposits  which  have  not  been  fairly  proved  to  be  of  the  same  age,  and 
which  differ  somewhat  in  fossil  contents  and  considerably  in  their 
physical  character.  Tliis  objection  is  valid;  it  is  of  the  same  nature  as 
that  which  leads  to  the  adoption  of  the  term  Newark,  but  is  much  less 
weighty,  for  the  reason  that,  while  there  may  be  some  difference  in  the 
age  of  the  two  groups  of  strata,  they  both  clearly  lie  in  about  the  same 
general  position  in  the  Mesozoic  section,  and  were  formed  in  tlie  same 
cycle  of  geologic  events.  Used,  as  it  is  in  this  report,  to  indicate  a 
general  relation  in  a  series  of  strata  and  not  as  denoting  an  especial 
period  in  the  earth's  history,  the  term  Newark  leaves  the  question  as  to 
the  correspondence  in  time  of  these  beds  with  those  of  the  Old  World 
open  to  further  inquiry.  It  is  from  this  i)oint  of  view  a  better  term 
than  Juratrias,  which  is  so  vague  as  to  have  little  indicative  value,  or 
Ehetic,  which  assumes  a  definiteness  of  knowledge  not  warranted  by 
the  facts  (see  p.  519). 

There  is  one  consideration  not  noted  by  those  who  have  discussed 
the  Rhetic  affinities  of  the  Newark  series,  which  may  possibly  have 
some  value  in  proving  the  beds  to  be  of  that  age.  As  is  well  known, 
the  Rhetic  of  Europe  generally  contains  one  or  more  bone  beds,  com- 
posed of  the  remains  of  fishes.  The  condition  of  the  occurrence  of 
these  fossils  indicates  that  the  death  of  the  forms  was  sudden  and 
widespread,  such  as  may  have  been  brought  about  by  earthquake 
shocks,  sudden  changes  in  the  temperature  of  the  waters,  or  the  rapid 
ditfusion  of  some  disease.  Bone  beds  of  this  nature  are  rarely  found; 
none  of  them,  so  far  as  is  known  to  the  senior  writer,  occur  between 
the  summit  of  the  Carboniferous  and  that  of  the  Triassic  series.  In  the 
Richmond  area,  as  is  noted  elsewhere  in  this  report,  there  are  layers  of 
remains  which  indicate  an  apparently  sudden  destruction  of  a  very 
great  number  of  fishes.  The  coincidence,  though  interesting,  may  be 
merely  accidental. 

CONDITIONS  OF  THE  AREA  AT   THE   TIME   OF  THE  DEPOSITION 

OP^  THE  NEWARK  BEDS. 

'Hie  facts  set  forth  later  in  this  report  show  that  the  deposition  ol' 
tlie  Newark  beds  in  the  Richmond  area  began  upon  a  surface  composed 
of  igneous  and  crystalline  rocks  from  which  any  unmetamori)hosed 
strata  formed  at  an  earlier  date  had  been  swept  away.    This  series  of 
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beds,  as  is  shown  in  PI.  XXII,  begins,  at  points  where  the  basement  is 
seen,  with  a  bowlder  bed,  which  lies  immediately  on  the  contorted  igne- 
ous and  crystalline  rocks.  So  far  as  this  incomplete  evidence  goes  it 
is  reconcilable  with  the  existence  of  strong  transportative  agents,  com- 
petent to  bring  into  the  area  very  coarse  debris  at  the  time  when  the 
formation  of  these  strata  was  begun.  But  it  may  be  explained  by  the 
supposition  that  the  fragments  were  formed  by  antecedent  decay  of 
rock  in  place,  followed  by  a  slight  rearrangement  of  the  materials  by 
water  action,  the  bowlders  being  the  hard  remnants  of  blocks  formed 
by  decay  proceeding  along  joint  planes. 

It  is  a  matter  of  importance  to  determine  the  shape  of  the  surface 
at  the  time  when  deposition  began.  The  opinion  which  may  be  formed 
on  this  point  aftects  not  only  the  scientific  aspects  of  the  problem  5  it  is 
also,  as  will  shortly  be  seen,  related  in  an  immediate  way  to  the  ques- 
tion as  to  the  continuity  of  the  coals  in  the  basin  and  their  i)robable 
extension  in  other  basins  of  the  same  age,  whicli  occur  in  Virginia 
and  the  Carolinas.  It  is  evidently  possible  that  either  of  two  con- 
ditions existed  at  the  time  when  the  beds  of  the  Xewark  of  this 
district  were  formed.  They  may  have  been  laid  down  on  the  seaboard 
face  of  the  continent  or  Appalachian  land  in  the  manner  in  which  the 
beds  of  the  Carboniferous  of  fresh- water  origin  were  deposited  along 
the  western  face  of  the  Blue  Eidge,  or  they  may  have  been  accumulated 
in  a  valley  lying  between  the  site  of  that  ridge  and  an  elevated  district 
on  the  eastward.  If  the  first  supposition  is  accepted,  it  then  follows  that 
the  several  basins  of  the  In  ewark  of  this  district  are  to  be  regarded  as  the 
remnants  of  an  originally  continuous  sheet  of  strata,  which  owe  their 
preservation  in  their  basin-like  form  to  their  downfaulting  into  troughs, 
due  to  niountain-buildiug  action.  In  this  case  the  beds  of  coal  con- 
tained in  the  Richmond  area  should  have  had  an  original  extension 
quite  independent  of  the  present  limits  of  that  trough.  They  are 
likely  to  have  extended  far  and  wide  over  the  field  in  which  the  present 
detached  fragments  of  the  Xewark  beds  occur.  If  the  second  supposi- 
tion be  correct,  it  is  clear  that  each  of  these  basins  may  have  had  its 
independent  history,  and  that  the  deposits  of  any  one  of  them  do  not 
aftbrd  a  criterion  for  determining  the  character  of  those  contained  in 
the  areas  which  lie  near  by. 

It  has  elsewhere  -  been  urged  by  the  senior  contributor  to  this  report 
that  along  the  Atlantic  coast  of  Xorth  America,  and  presumably  along 
all  continental  shores  which  have  been  subjected  to  great  and  rei)eated 
changes  of  level,  it  not  infrequently  occurs  that  deep  and  broad  valleys, 
excavated  in  crystalline  rocks  by  river  action,  are  partly  dei^ressed 
beneath  the  sea  or,  as  the  modern  geographers  term  the  action,  drowned^ 
thereby  becoming  the  seats  of  rapid  sedimentation.  If  after  these 
troughs  are  filled  or  during  the  process  of  filling  they  are  subject  to 
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the  action  of  mountain-building  forces,  tliey  may  be  much  compressed, 
the  more  so  as  the  rocks  which  they  contain  are  likely  to  offer  rela- 
tively weak  resistance  to  the  pressure  which  is  applied  to  them. 
They  will  therefore  give  way  and  be  sharply  folded  and  otherwise 
distorted,  while  the  surrounding  crystalline  beds  may  show  no  such 
evidence  of  dislocation.  It  is,  in  a  word,  evident  that  while  on  a 
gently  and  uniform  sloping  shore  line,  such  as  now  exists  on  the  coast 
of  the  Atlantic  south  of  Kew  York,  strata  will  be  deposited  in  broad 
continuous  sheets  to  be  afterwards  folded  into  mountains,  which  will 
have  their  shapes  determined  by  relatively  simple  conditions,  it  is  quite 
otherwise  with  strata  that  are  laid  down  in  submerged  valleys  in  the 
manner  in  which  it  is  possible  that  the  beds  of  the  Eiclimoud  area 
were  deposited.  Beds  thus  formed  will  be  exceptionally  conditioned  as 
regards  their  accumulation  and  the  effect  of  subsequent  accidents,  such 
as  are  brought  about  by  compressive  strains.  Their  foldings  will 
differ  in  character  from  those  which  are  produced  in  normal  mountains. 
In  place  of  the  symmetrical  ridges,  which  are  characteristic  of  the 
typical  elevations  of  the  Alleghanies,  we  may  expect  to  have  the  strata 
cast  into  more  irregular  folds  and  faults,  which  will  be  steepest  on  the 
margins  of  the  old  valleys  and  nearly  flat  in  the  central  portions  of  the 
field,  wliere  the  region  is  removed  from  the  thrust  of  the  rigid  unyield- 
ing masses  of  the  old  crystalline  rocks,  which,  having  no  distinct  bed- 
ding, move  with  little  freedom  when  impelled  by  mountain-building 
forces.  Moreover,  in  such  filled  valleys  we  should  expect  to  find  the 
deposits  consisting  of  masses  of  detritus  brought  in  by  a  number  of 
streams  from  the  various  sides  of  the  bay,  or  lake,  or  river,  each  mass 
having  the  general  character  of  an  alluvial  fan  or  delta,  the  several 
contributions  of  sediment  overlapping  one  another  in  an  irregular  way, 
giving  to  the  deposit  a  measure  of  local  variation  such  as  does  not 
exist  in  an  area  found  in  the  bed  of  the  open  sea  or  in  some  parts  of 
the  Carboniferous  rocks  formed  on  the  surface  of  a  widespread  swampy 
lowland. 

A  study  of  the  Atlantic  coast  deposits  from  the  beginning  of  the 
Carboniferous  to  and  through  the  iS^ewark  makes  it  seem  probable  that 
in  the  region  north  of  the  Carolinas  a  large  part  of  the  strata  of  the 
periods  of  most  considerable  accumulation  have  been  formed  in  preexist- 
ing valleys,  and  have  been  mountain  built  under  conditions  determined 
by  these  peculiar  lodgments.  As  has  been  noted  in  the  memoir  on  the 
(ieology  of  the  Narragansett  Basin, ^  this  appears  to  be  the  condition 
of  the  Carboniferous  rocks  in  that  area,  it  being  held  that  they  occupy 
the  valley  of  an  ancient  river  system  wliich  now  in  part  lies  in  the 
bay  of  tlie  name.  Tlie  Carboniferous  di^posits  of  Nova  Scotia  and 
New  Brunswick  were  most  likely  formed  within  similar  antecedent 
valleys,  the  beds  having  afterwards  been  more  or  less  dislocated  by 
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erogenic  forces.  An  excellent  Instance  of  this  relation  of  previously 
existing  depressions  to  the  deposition  of  the  Newark  strata  is  afforded 
by  the  narrow  valleys  radiating  from  the  i^rincipal  troughs,  which  now 
appear  as  filled  with  deposits  of  somewhat  doubtful  but  possibly  New- 
ark age.  Thus  at  Gays  River,  Halifax  County,  Nova  Scotia,  the  valley 
in  crystalline  rocks  and  ancient  auriferous  shales  and  schists  which  leads 
down  to  the  Bay  of  Fundy  is  in  large  part  filled  with  a  conglomerate 
made  up  of  debris  from  the  neighboring  fields.  This  valley  has  a  width 
of  not  more  than  a  mile;  the  conglomerate  which  occupies  it  has  been 
proved  to  exist  to  a  depth  of  138  feet  and  has  probably  more  than 
twice  that  thickness.  The  beds  have  been  somewhat  affected  by  moun- 
tain-building stresses.  This  is  not  shown  by  dislocations  of  the  ordi- 
nary kind,  the  deposits  being,  it  would  seem,  too  massive  for  such 
movements,  but  by  the  compression  of  the  pebbles,  which  indent  one 
another  in  a  manner  common  to  massive  conglomerates  where  they 
have  been  subjected  to  pressure.  A  lesser  instance  of  tlie  same  nature 
is  to  be  seen  in  the  town  of  Dartmouth,  Nova  Scotia,  where,  a  little 
west  of  the  railway  station,  a  cutting  reveals  a  small  river  gorge  filled 
with  material  of  the  same  nature  as  that  at  Gays  Eiver.  This  channel 
is  not  over  GO  feet  in  width,  the  upper  part  having  been  evidently 
eroded  away,  the  material  in  which  it  is  excavated  being  the  auriferous 
slate  of  the  region,  which  yielded  readily  to  the  glacial  wearing. 
Since  the  formation  of  the  deposit  the  movements  of  the  slate  walls 
have  apparently  caused  them  to  crowd  over  the  conglomerate;  it  is 
impossible,  however,  that  this  overhang  may  have  been  an  original 
feature  in  the  river  gorge. 

Turning  now  to  the  more  southern  areas  of  the  Newark,  we  find 
that  of  the  Connecticut  Valley,  where  the  beds  were  pretty  certainly 
formed  in  an  antecedent  valley  which  was  walled  on  either  side  by  the 
ancient  crystalline  rocks  of  the  Berkshire  Hills  and  the  Worcester 
plexus  of  ridges.  The  pebbles  and  other  detritus  have  evidently  been 
derived  from  one  or  another  shore  of  the  aucient  bay  in  which  they 
were  deposited.  The  deformation  of  the  area  is  considerable  and  pecul- 
iar. It  evidently  departs  far  from  that  which  gives  us  the  typical  folded 
mountains  of  the  Allegheny  type. 

So  much  of  the  Lower  Hudson  River  Valley  as  is  occupied  by  rem- 
nants of  the  Newark  affords  conditions  in  large  part  the  same  as  those 
of  the  Connecticut  field.  The  beds  must  have  been  laid  down  in  a  rel- 
atively narrow  valley,  and  their  deposition  has  been  effected  under  the 
peculiar  limiting  conditions  which  such  a  field  affords.  In  New  Jersey 
there  is  no  sufficient  evidence  that  the  deposits  of  Newark  age  were 
laid  down  in  lakes  or  other  distinctly  and  narrowly  bounded  areas. 
This,  indeed,  seems  to  be  the  one  portion  of  the  Newark  deposits  which 
may  have  been  formed  as  a  broad  sheet.  Yet  here,  as  elsewhere  in  the 
deposits  of  this  age  along  the  Atlantic  coast,  we  note  that  the  fossil 
contents,  as  well  as  the  general  character  of  the  beds,  are  alike  evi- 
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dence  that  the  materials  were  gathered  not  in  the  sea,  bnt  in  shallow 
lakes  or  in  estuaries  to  which  the  ocean  water  had  but  scant  access,  if, 
indeed^  it  i^enetrated  to  them  at  all. 

The  same  fresh-water  character  of  the  organic  and  inorganic  sedi- 
ments of  our  coast  line  which  has  just  been  noted  iu  the  case  of  the 
Kova  Scotia  deposits,  is  also  to  be  found  in  other  northern  beds  of  Car- 
boniferous age.  The  evidence  alike  makes  for  the  conclusion  that  they 
were  laid  down  in  submerged  valleys.  This  conclusion  is  forced  when 
we  note  that  both  these  foruiations  contain  thick  deposits  of  conglom- 
erate, the  fragments  of  which  are  often  more  than  a  foot  in  diameter 
and  show  marks  of  wear,  such  as  could  not  w^ell  have  been  effected 
except  by  the  action  of  mountain  torrents  operating  on  glacial  pebbles. 
In  lake  basins  we  could  not  look  for  the  production  of  such  bowlders. 
The  action  of  waves  on  their  beaches  is  not  sufficiently  energetic  for 
the  work,  and  there  are  no  currents  competent  to  impel  the  fragments 
to  considerable  distances  from  the  shores.  The  only  conditions  in  which 
they  could  well  be  formed  are  those  afforded  by  torrents  building  their 
cones  and  deltas  from  the  shore  line  outward  in  the  manner  so  commonly 
found  in  lakes  or  river  valleys  which  have  high  borders. 

Where,  as  in  the  case  of  the  Carboniferous  strata  west  of  the  Blue 
Eidge,  we  find  deposits  of  detritus  accumulated  to  a  great  thickness  and 
extended  for  a  great  distance  outward  from  the  old  shore  line  they  are 
characterized  by  certain  very  marked  features.  The  sheets  of  the  strata 
are  tolerably  uniform  and  continuous.  The  pebbles,  where  such  are 
present,  are  of  small  size  and  of  the  most  enduring  materials.  Gen- 
erally they  are  of  quartz  or  quartzite,  rarely  of  compound  rocks,  and 
the  fragments  are  commonly  less  than  an  inch  in  diameter.  Such  are 
the  conditions  of  the  millstone  grit,  the  most  characteristic  monument 
of  the  outward  washing  of  the  debris  into  an  extensive  basin.  It  is 
only  in  the  northeastern  areas  of  the  Carboniferous  in  the  district 
where  we  have  tolerably  good  reason  to  suspect  that  the  beds  were  laid 
down  in  submerged  valleys  that  we  find  coarse  conglomerates  and  an 
irregular  bedding,  such  as  raise  the  presumption  that  they  were  formed 
in  restricted  areas  which  were  invaded  by  torrent  deposits. 

In  the  case  of  the  Richmond  and  the  other  like  areas  of  the  Pied- 
mont district,  the  evidence  as  to  the  original  condition  of  the  surface 
on  which  the  deposition  of  the  Kewark  was  made  can  not  be  regarded 
as  complete.  In  favor  of  the  supi)osition  that  the  beds  were  laid  down 
as  a  broad  sheet  of  sediments  whi(5h  connected  the  many  detached 
areas  of  the  formation  that  occur  between  the  Potomac  Piver  and 
South  Carolina  the  Ibllowing  may  be  said:  In  the  first  place,  the  pre- 
sumi)tion  is  that  the  i)rocesses  of  construction  which  went  on  in  this 
region  were  those  that  have  usually  occurred  where  beds  once  united 
have  been  faulted  by  orogenic  action  and  the  uplifted  masses  have  been 
destroyed  by  erosion,  leaving  the  depressed  ])()rtions  in  the  form  of 
detached  basins  as  the  remnants  of  the  de])()sits.    Moreover,  the  sev- 
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eral  troughs  in  which  the  strata  lie  liave  their  axes  approximately 
parallel  to  the  present  coast  line  and  to  the  Blue  Kidg-e,  a  position 
which  is  quite  in  accord  with  the  view  that  they  are  due  to  normal  fold- 
ing, but  is  not  accordant  with  the  supposition  that  they  are  the  seats 
of  ancient  deep  erosion  valleys.  If  such  valleys  had  existed  we  should 
expect  to  find  them  developed  transversely  to  the  shore,  as  in  the  Con- 
necticut and  Narragansett  areas,  rather  than  parallel  to  it,  as  is  the 
case  here.  Furthermore,  in  none  of  these  basins  do  we  find  any  evi- 
dence of  the  original  drainage  outlet  of  the  trough.  In  that  of  Rich- 
mond, the  depression  now  has  a  depth  of  not  less  than  3,000  feet — it  is 
likely  that  in  places  it  exceeds  that  measure.  If  any  considerable  por- 
tion of  this  depth  were  due  to  an  initial  depression  effected  by  erosion, 
we  should  expect  that  a  wide  valley  connected  it  with  the  sea;  of  such 
a  valley  in  the  case  of  this  or  the  several  other  basins  of  the  district 
no  trace  has  been  found. 

Against  this  array  of  considerations  others  of  nearly  equal  strength 
which  make  for  the  other  view  are  to  be  set;  these  are  as  follows:  The 
Richmond  area,  at  the  few  places  on  the  western  side  where  the  con- 
tact with  the  subjacent  rocks  can  be  traced,  shows,  at  the  bottom  of 
the  Newark  series,  a  coarse  conglomerate,  the  materials  of  which  might 
well  have  been  brought  into  place  by  torrent  action.  Above  this  the 
beds  are  accumulated  in  a  manner  which  indicates  a  very  rapid  aggra- 
dation; there  is  apparently  little  continuity  of  strata  except  in  the 
shale  deposits.  The  order,  or  rather  the  lack  of  it,  is  such  as  would  be 
brought  about  by  the  interlocking  of  detrital  fans  or  deltas  and  not 
by  the  growth  of  great  sheets  of  strata  accumulated  as  were  those  of 
.the  Millstone  grit.  The  beds  of  coal  vary  greatly  in  their  position  and 
their  relations  to  one  another.  In  one  instance,  at  least,  and  probably 
in  several,  the  beds  divide,  the  partition  increasing  laterally  in  thickness 
until  the  separation  is  wide.  Accidents  of  this  nature  are  easily  to  be 
explained  on  the  supposition  that  the  infilling  of  the  area  was  brought 
about  by  the  extension  of  deltas  which  progressed  until  the  basin  was 
in  some  measure  filled  up.  On  the  eastern  margin  arkose  deposits, 
evidently  derived  from  neighboring  high  ground,  have  been  abun- 
dantly accumulated. 

The  character  of  the  sediments  in  the  basin,  except  the  shales,  is  such 
as  we  would  expect  it  to  be  in  case  the  sources  of  supply  had  always  been 
near  the  seat  of  deposition.  As  compared  with  our  standard  example 
of  distant  offshore  carriage,  the  Millstone  grit,  the  difference  is  strik- 
ing. The  Newark  deposits  of  this  district  are,  as  regards  certain  of 
the  beds,  imperfectly  assorted,  or,  where  well  distributed,  coarse  and 
fine  beds  rapidly  alternate. 

A  theory,  or  rather  a  combination  of  working  hypotheses,  which 
seems  to  explain  the  conditions  of  deposition  of  the  beds  in  the  Rich- 
mond area  may  be  set  forth  as  follows : 

Before  Newark  time  the  rocks  of  the  Piedmont  district  from  the  Oon- 
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necticut  area  southward  were,  probably  since  the  Siluriau  period,  above 
the  level  of  the  sea.  This  Is  showu  by  the  absence  of  any  beds  of  the 
later  Paleozoic  series  in  the  field.  We  may  fairly  presume  that  the 
region  was  the  seat  of  more  or  less  considerable  river  valleys,  and  that 
these  depressions  were  broad,  and  also  that  the  margin  of  the  land  was 
much  farther  east  than  it  is  at  present. 

The  geographic  change  which  attended  the  beginning  of  the  Newark 
deposits  did  not  admit  the  sea  to  this  area,  but  led  to  the  development 
of  sedimentation  in  the  river  valleys,  which  were  i)ossibly  locally  or 
temporarily  converted  into  lakes,  the  materials  being  brought  in  about 
the  low  grounds  by  torrents  from  the  highlands.  At  first  these  valleys 
were  i)robably  shallow,  but  as  the  deposits  accumulated  their  weight 
would  tend  to  bear  their  foundations  down  until  the  section  of  strata 
they  contained  became  much  thicker  than  the  original  depth  of  the  val- 
leys would  have  permitted  them  to  be.  In  this  deposition  and  conse- 
quent subsidence  the  main  channels  of  the  streams — those  which  led  to 
the  sea — probably  received  relatively  little  sediment,  and,  therefore,  if 
they  were  filled  at  all,  were  not  occupied  by  any  considerable  thickness 
of  strata  and,  therefore,  did  not  subside;  so  that  in  the  subse(iuently 
occurring  erosion  of  the  area  about  to  be  noted  these  exit  river  channels 
might  well  have  disa])peared. 

So  far  as  can  be  determined  by  the  sediments  of  the  Kichmond  area, 
the  erosion  which  supplied  them  was  not  effected  by  glaciers.  The 
detritus  appears  to  have  passed  through  torrents  of  moderate  steep- 
ness, the  coarser  debris,  excei)t  that  locally  accumulated  at  the  base, 
apparently  indicating  a  fall  of  the  streams  of  50  to  100  feet  to  the  mile. 
This  determination  is  based  on  a  study  of  the  carrying  force  of  the 
streams  in  the  Appalachians  and  the  Cordilleras. 

After  the  strata  now  remaining  in  the  Richmond  area  had  been  laid 
down,  it  is  i)ossible,  indeed  probable,  that  a  continuation  of  the  series 
may  have  been  formed  which  extended  far  beyond  the  limits  of  the 
present  border  of  the  Xiewark  rockv^.  It  is  i)ossible  that  the  extension 
was  sufficiently  great  to  have  covered  this  portion  of  the  Piedmont  dis- 
trict connecting  the  several  areas  of  these  strata  in  one  field.  There  is, 
however,  no  clear  evidence  that  such  was  the  case.  The  probability  of 
it  rests  upon  the  fact  that  much  erosion  has  occurred  in  the  long  inter- 
val during  the  Jurassic  period,  in  which  time  this  district  was  api)ar- 
ently  abovci  the  level  of  the  sea.  Tiiis  view  also  receives  support  from 
the  simihirity  of  the  succession  of  dei)Osits  exhibited  in  some  of  the 
southern  areas. 

When  the  epoch  of  deposition  was  over,  there  was  a  reelevation  of • 
the  land,  coming  rather  early  in  the  Jurassic  period.  It  was  most 
likely  at  this  time  that  the  main  stressing  of  the  deposits  took  place, 
though  some  as  yet  unassignable  ])ortion  of  it  may  have  occurred 
during  thc^  jx'riod  of  deposition.  The  result  of  this  principal  devel- 
opment of  mountain  building  work  was,  so  far  as  we  may  Judge  liom 
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that  wliicli  is  kDOwn  concerning  the  structure  of  the  area,  to  break 
the  beds  into  many  fault  blocks  and  dependent  folds,  and  probably  at 
the  same  time  there  was  an  extensive  penetration  of  trappean  masses. 

The  faulting  and  folding,  as  well  as  the  intrusions  of  the  trappean 
rocks  in  this  basin,  differ  widely  from  that  which  is  found  in  the 
normal  west  Appalachian  Mountains — the  anticlines  and  synclines  of 
the  Alleghanies.  In  those  mountains,  especially  in  the  synclines, 
faults  are  relatively  rare;  the  synclines  are  indeed  very  uniformly 
boat-shaped  in  their  structure.  They  lack  the  numerous  small  folds 
of  the  strata,  the  heavy  faults,  and  the  numerous  dikes  which  are  so 
characteristic  of  the  Eichmond  area. 

So  far  as  can  be  determined  from  the  evidence  at  hand,  the  dikes 
which  intersect  the  Eichmond  Basin  series  were  formed  at  a  much 
greater  depth  in  the  earth  than  they  now  occupy.  Some  of  these 
intrusions  show  a  tendency  to  depart  from  a  vertical  path  and  to 
extend  as  sills  parallel  to  the  bedding,  even  where  the  planes  of  the 
layers  are  at  relatively  low  inclinations.  This  is  shown  in  the  case  of 
the  coal  beds  which  have  been  changed  to  coke  by  contact  with  the 
traps.  The  only  known  sills  are  near  the  base  of  the  section,  in  the 
coal  measures. 

As  yet  there  is  no  evidence  that  the  igneous  action  which  occurred 
in  this  region  was  of  a  true  volcanic  sort.  'No  ash  beds  have  been 
discerned,  nor  is  there  reason  to  believe,  from  the  beds  that  remain, 
that  any  contemporaneous  flows  of  trap  exist.  There  is  but  one  pos- 
sible case  of  stock  or  volcanic  pipe;  the  walls  of  the  dikes  are  not  much 
metamorphosed,  as  they  would  have  been  if  they  had  been  the  path 
of  a  long-continued  upward  flow  of  lava. 

It  is  a  noteworthy  fact  that  in  the  case  of  all  the  areas  of  Newark 
rocks  on  the  Atlantic  seaboard  which  are  of  a  nature  to  lead  to  the 
supposition  that  they  were  accumulated  in  preexisting  valleys,  we 
find  evidence  of  much  diking  and  occasionally  of  true  volcanic  action. 
This  geographic  association  is  suggestive.  Thus  in  the  Connecticut 
Yalley  there  are  many  dikes  and  flows  of  lava  within  the  basin,  while 
a  few  miles  beyond  its  border,  beyond  tlie  region  which  the  Kewark 
may  have  occupied,  there  is  reason  to  believe  that  such  lavas  broke 
through  the  basement  rocks  in  much  less  proportion.  It  seems,  indeed, 
possible  that  the  great  local  thickness  of  the  accumulations  which  were 
formed  in  these  i)eriods  may  have  in  time  served  to  bring  up  the 
isogeothermal  planes  so  that  the  melting  zone  of  the  rocks  was  near 
to  the  base  of  the  stratified  section.  Thus  when  the  mountain- 
building  stresses  were  brought  to  bear  on  the  mass,  the  movements 
of  the  crust  below  it  may  well  have  been  sufficient  to  afford  exits  to 
the  molten  matter. 

It  is  easily  seen  that  the  conditions  of  folding  when  the  pressure 
acted  on  a  broad  area  of  slowly  built  strata,  such  as  that  of  which  the 
Alleghany  Mountains  were  formed,  may  have  been  very  difl'erent  from 
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those  which  existed  in  thick  localized  accumulations  laid  down  on 
floors  of  preexisting  gradually  down-sinking  valleys.  In  the  former 
case  the  influences  tending  to  bring  about  the  upward  movement  of 
the  igneous  rocks  might  be  much  less  considerable  than  in  the  latter. 

In  summing  up  the  evidence  concerning  the  question  as  to  tbe  depo- 
sition of  these  [N^ewark  beds  in  a  preexisting  valley,  it  may  be  said  that 
it  is  more  reconcilable  with  the  supposition  that  the  beds  were  laid 
down  in  troughs  of  lakes  or  rivers  than  that  they  were  formed  as  a 
broad,  tolerably  uniform  sheet.  That  they  were  not  laid  down  in  the 
sea  is  clearly  indicated  by  the  absence  of  marine  organic  remains  and 
by  the  abundance  of  land  and  fresh-water  plants,  as  well  as  the  remains 
of  fishes  of  groups  which  may  fairly  be  deemed  of  fluviatile  or  lacus- 
trine habits.  Therefore,  the  choice  in  conclusions  is  between  a  large 
vallej' — one  of  sufficient  area  to  have  included  all  the  neighboring 
areas  of  these  formations — or  a  number  of  lesser  basins,  each  of  so 
limited  an  area  that  it  would  have  been  filled  with  coarse  sediments 
derived  from  the  highlands  about  the  depression;  or,  thirdly,  a  widely 
extended  sheet  formed  on  a  seaward  sloping  plain,  such  as  that  of 
northern  Siberia  of  to-day.  Taken  in  connection  with  what  is  known 
of  the  history  of  the  Atlantic  coast  in  the  Paleozoic  and  Mesozoic 
ages,  the  facts  gathered  in  the  Kichmond  district  lead  us  to  believe 
that  the  area  was  high  land  during  the  greater  i)art  of  the  time  from 
the  Silurian  to  the  close  of  the  Paleozoic,  and  that  at  the  beginning 
of  the  Xewark  time  the  surface  abounded  in  broad  valleys  which 
became  filled  with  lake  or  river  dei^osits.  It  is  evident  that  the  climate 
was  humid  and  e(iuable,  so  that  it  for  a  time  permitted  the  development 
of  peat  deposits,  which  have  since  been  converted  into  coal. 

TOPOGRAPHY  OF  THE  PRE-NEWARK  TERRANE. 

In  the  repeated  changes  of  land  form  on  the  Atlantic  coast  since 
Triassic  time  no  vestiges  of  the  surface  of  that  i^eriod  can  have  escaped 
destruction  except  where  it  was  covered  by  deposits  and  further  i)ro- 
tected  from  denudation  by  burial  beneath  the  ultimate  base-level  of  ero- 
sion of  subsecpient  geologic  periods.  The  floors  of  the  several  Newark 
areas,  from  Nova  Scotia  to  South  Carolina,  thus  afford,  since  they  have 
been  locally  preserved  in  the  manner  described,  the  sole  clue  to  the 
geography  of  that  time  other  than  such  inferences  concerning  the  land 
as  may  be  derived  from  a  study  of  the  Newark  sediments  and  organic 
life.  The  exposures  of  the  Newark  land  surface  are  extremely  limited. 
In  most  of  the  Newark  areas  the  visible  evidence  is  found  along  tlie  line 
of  boundary  on  the  basal  edge  of  the  tilted  beds.  Locally  similar  obser- 
vations may  be  made  on  the  opposite  border,  where  similar  conditions 
occur,  in  the  case  of  the  Kichmond  area  the  eastern  border  presents 
by  far  the  most  continuous  exhibit  of  facts  concerning  the  Triassic  land 
surface.  From  point  to  point  on  the  western  margin  evidence  of  the 
contact  of  tlic  Newark  Ix'ds  uj)()n  tlic  ancient  gneisses  may  also  be  had. 
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Tlie  information  obtained  from  the  study  of  these  fragmentary  por- 
tions of  the  old  land  floor  points  to  a  few  conclusions  which  are  pre- 
sumably true  for  this  immediate  region.  First,  it  is  evident  that  the 
area  had  been  one  of  long  and  deep  erosion,  since  both  coarse  granites 
and  gneiss  were  exposed  at  the  surface,  both  of  these  rocks  indicating 
by  their  structures  an  original  thick  cover  of  rock.  Secondly,  the 
denudation  of  these  rocks  appears  to  have  gone  so  far  as  to  have 
reduced  them  to  something  like  an  even  surface.  So  much  disturb- 
ance of  the  rocks  has  since  taken  place  that  it  will  be  necessary  to 
explain  the  apparent  objections  to  this  latter  statement. 

The  eastern  boundary  of  the  Eichmond  basin  has  a  general  direction 
east  of  north.  Viewed  in  its  several  parts,  it  consists  of  more  or  less 
straight  segments,  which  are  determined  by  one  or  the  other  of  two 
conditions  of  the  Newark  strata  in  relation  to  the  basement  rocks. 
The  longer  of  these  segments  aiipear  on  examination  to  be  formed  by 
the  intersection  of  the  present  Piedmont  plain  with  the  ancient  tilted 
land  surface  on  which  the  Kewark  strata  repose.  Although  the  actual 
contact  of  the  IsTewark  strata  Avith  the  granites  and  gneisses  is  seldom 
seen,  the  essential  straightness  of  the  line  of  contact,  as  shown  by  the 
strike  of  the  coal  measures  of  the  basin  and  the  distribution  of  granite 
and  gneiss  exposures  for  long  distances,  leaves  no  room  for  those 
irregularities  in  the  line  which  must  have  resulted  had  the  Newark 
beds  been  laid  down  on  the  rugged  surface  supposed  by  some  to  have 
existed  liere  in  Triassic  times.  The  localities  which  exhibit  these  rela- 
tions will  be  described  in  detail  in  the  account  of  the  boundary. 

The  shorter  of  the  segments,  which  are  those  parts  of  the  boundary 
line  departing  most  widely  from  the  general  direction,  afford  evidence 
of  faults.  When  due  allowance  is  made  for  these  disturbances  of  the 
eastern  border,  the  ancient  surface  of  the  granite  and  gneiss  appears 
to  have  been  without  much  relief.  This  apparent  evenness  of  the  land 
is  the  more  remarkable  when  it  is  considered  that  the  central  part  of 
this  floor  of  the  basin,  on  the  eastern  margin,  is  composed  of  granitic 
rock.  The  topographic  relief,  in  other  words,  was  nearly  as  weak  as  that 
of  the  present  surface  of  the  Piedmont  district.  Such  glimpses  as  may 
be  obtained  of  the  east  and  west  extension  of  this  ancient  land  surface 
bear  out  the  explanation  of  the  irregularities  traced  along  the  eastern 
border.  In  following  down  the  floor  of  the  basin  in  mines  the  irregu- 
larities in  the  slope  are  found  to  be  due  to  disturbances  in  the  granitic 
basement  taking  place  after  the  deposition  of  the  coal  measures.  The 
evidence  from  the  western  border  is  in  general  harmony  with  that 
already  stated. 

The  argument  thus  derived  from  an  examination  of  the  ancient  land 
surface  is  supported  by  the  sedimentary  character  of  the  basin.  The 
basal  beds  especially  are  rich  in  the  disintegrated  minerals  of  the 
granites.  In  a  region  of  steep  slopes  and  abundant  waterfall  mechan- 
ical abrasion  keeps  pace  with  or  proceeds  faster  than  the  formation  of 
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loose  material  by  decomi)ositioii  and  disintegration.  On  gently  inclined 
plain-like  surfaces  the  jiroducts  of  disintegration  linger  about  their 
sources  until  a  change  of  geographic  or  climatic  conditions  gives  lo 
streams  or  waves  the  power  to  transport  and  assort  the  waste.  The 
basal  sediments  of  the  Newark  group  in  this  field  point  to  the  latter 
geographic  conditions  rather  than  to  those  first  stated,  although  the 
real  state  may  have  lain  between  the  extremes  thus  implied. 

Such  is  the  evidence  for  the  belief  that  the  floor  of  this  area  of  depo- 
sition, or  at  least  so  much  of  it  as  is  now  revealed,  was  essentially 
without  strong  relief.  That  the  lands  of  the  Newark  area  were  not  in 
this  featureless  condition  throughout  the  period  of  deposition  of  the 
strata  is  demonstrated  by  evidence  which  is  of  a  more  general  nature. 
However  low  may  have  been  the  relief  of  the  land  at  the  beginning  of 
Triassic  deposition,  the  thick  beds  of  sandstone  and  shale  in  this  basin 
alone  demand  an  adjacent  area  of  erosion  whose  constructional  height 
above  base  level  must  be  measured  in  terms  of  the  detritus  derived 
from  it.  It  is  not  necessary  to  suppose,  however,  that  high  mountains 
at  any  one  time,  and  particularly  at  the  beginning  of  deposition, 
existed  in  this  area  of  erosion.  Concomitant  depression  in  the  area  of 
deposition,  with  elevation  in  the  area  of  erosion,  maintaining  a  moder- 
ate or  only  slightly  elevated  relief  would  have  given  the  same  quanti- 
tative results  in  the  deposits  of  the  neighboring  depression  as  an  initial 
Diountainous  relief.  Whatever  relief  may  have  existed  in  this  field  as 
the  result  of  the  Appalachian  diastroi)he  had  largely  vanished  by  the 
opening  of  Newark  sedimentation. 

CONDITIONS  OF  FAULTING  AND  FOLDING. 

It  is  evident  that  the  orogenic  disturbances  of  this  Newark  field  are 
due  to  actions  which  affected  the  ancient  crystalline  rocks  that  underlie 
it.  The  disturbances  have  been  propagated  to  the  sandstones,  shales, 
and  coal  beds  of  the  basin,  which  have  adjusted  themselves  to  the  dis- 
located foundation.  On  the  supposition  that  the  basin  existed  before 
the  orogenic  movements  began,  it  is  difficult  to  determine  how  much 
deformation  was  due  to  these  movements.  The  extensive  faulting  of 
the  ancient  base  appears  to  have  been  produced  subsecjuent  to  the  depo- 
sition of  th(i  lower  1, ()()()  feet  or  so  of  the  Newark  section  ;  it  most  prob- 
ably occurred  after  the  Avliole  of  that  section  was  laid  down;  but  it  is 
possible  that  some  disturl)ance  took  place  before  the  upper  parts  of  the 
section  were  deposited. 

It  will  be  observed  that  the  facts  noted  in  this  report  lead  to  the  con- 
clusion that  many  of  the  faults  pass  in  their  vertical  extension  into 
flexures  or  into  sections  of  the  beds  where  the  material  of  the  layers  is 
shoved  about  in  the-  state  of  finely  divided  bits,  which  indicate  the  move- 
ment to  which  they  have  been  subjected  by  the  slickensided  character 
of  their  faces.  Tliis  evidence  of  comminution  and  shoving  is  so  general 
that  it  may  well  be  regarded  as  a  characteristic  feature  of  the  rocks  iu 
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this  bas-in.  It  appears  to  be  due  not  only  to  the  somewhat  local  disturb- 
ance directly  induced  by  the  faulting  but  also  to  general  stresses  affect- 
ing the  whole  mass  of  the  rocks,  such  as  would  be  produced  by  lateral 
compression. 

.  It  appears  imiDOSsible  to  account  for  the  disturbances  of  the  strata  in 
this  basin  on  the  assumption  that  the  only  movement  has  been  that  of 
downsinking  of  its  floor  attendant  on  the  abundant  block-faulting,  the 
result  being  the  formation  of  a  trough  of  the  "graben'^  type.  It  is 
-necessary  to  suppose  a  lateral  compression  of  considerable  though  inde- 
terminable amount  in  order  to  explain  the  evident  packing  of  the  strata, 
such  as  is  shown  in  the  several  cross  sections  of  this  report. 

It  is  evident  that  the  seat  of  the  stresses  which  have  affected  the  rocks 
of  this  district  other  than  those  due  to  the  weight  of  the  Newark  beds 
lies  in  the  hypogene  section.  Concerning  the  origin  and  adjustment  of 
these  stresses  little  of  value  can  be  said,  except  to  direct  attention  to 
certain  xiossibilities  as  to  the  source  and  nature  of  the  movements. 

It  appears  unreasonable  to  suppose  that  the  whole  of  the  disturbance 
of  these  rocks  was  due  to  the  yielding  of  the  basement  on  which  they 
lie,  brought  about  by  the  weight  of  the  sediments.  The  block-faulting, 
with  the  upthrust  of  large  masses,  evidently  indicates  a  stress  other  than 
a  simple  gravitative  downbearing.  While  the  weight  of  the  Newark 
section  and  whatever  else  may  liave  rested  upon  it  doubtless  entered 
into  the  equation  of  forces  which  determined  the  faulting  and  folding 
of  this  basin,  it  has  to  be  supposed  that  the  principal  factors  in  the 
equation  were  deep-seated.  So  far  as  we  can  perceive,  the  only  action 
competent  to  produce  the  results  is  the  contraction  of  the  deeper  parts 
of  the  earth  mass,  resulting  in  a  compression  of  the  superficial  portion, 
the  work  done  being  locally  affected  by  the  accumulations  of  sediments 
which  took  place  on  this  area. 

Although  under  certain  little-known  conditions  it  is  evident  that 
massive  rocks,  such  as  granites,  may  be  flexed,  it  is  well  ascertained 
that  they  are  most  likely  to  yield  to  the  strains  involved  in  mountain- 
building  forces  by  faulting,  the  included  blocks  slipping  past  one 
another  as  they  have  evidently  done  in  this  basin.  The  hypothesis  of 
direct  downfaulting,  unassociated  with  horizontally  acting  compressive 
stress,  such  as  is  assumed  by  some  writers  in  accounting  for  graben 
valleys,  does  not  seem  to  be  applicable  in  this  area.  The  order  of  the 
disturbances,  so  far  as  observed,  is  most  reconcilable  with  the  suppo- 
sition that  they  were  produced  by  a  thrusting  movement  acting  from 
the  eastward,  which  was  competent  to  urge  the  basal  rocks  landward 
against  the  resisting  mass  of  the  Blue  Ridge.  The  strong  downfault- 
ing on  the  western  margin,  combined  with  the  remnants  of  sharp 
flexures  much  broken  by  faults,  appears  to  indicate  that  the  resistance 
to  the  thrnst  was  great,  while  the  relatively  gentle  declivity  of  the 
trough  on  the  eastern  border  may  be  taken  as  showing  a  less  restrained 
movement. 
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There  appear  to  be  reasons  for  supposing  that  there  is  a  tendency  of 
the  rocks  beneath  the  sea  to  thrust  against  the  hind.  All  along  the 
Atlantic  coast  of  the  United  States,  from  Boston  Harbor  to  Cape 
Hatteras,  there  are  marks  of  disturbances  of  the  strata  next  the  shore 
by  processes  which,  beginning  in  the  Tertiary,  have  continued  down 
nearly  to  the  present  day,  if  they  are  not  still  in  action.  The  exten- 
sive dislocations  of  the  deposits  on  Gay  Head  and  Cape  Cod  are  evi- 
dences of  such  action.  Like  conditions  are  sliowh  to  exist  along  some 
of  the  shores  of  the  Old  World.  It  seems  not  improbable  that  the 
source  of  these  movements  may  be  found  in  the  expansion  in  the  rocks 
beneath  the  sea  floor,  which  would  be  brought  about  by  the  rise  of  the 
isogeothermal  planes  due  to  the  blanketing  effect  of  the  strata  which 
are  accunmlating  there,  Avhere  the  increase  in  the  depth  of  the  sedi- 
ments ^^erves  to  elevate  the  planes  of  equal  internal  heat  more  rapidly 
than  the  secular  refrigeration  of  the  planet  operates  to  lower  them,  a 
condition  which  we  may  deem  practically  active  whenever  sedimenta- 
tion has  long  been  going  on.  The  effect  is  necessarily  to  bring  about 
a  tendency  to  expand  in  the  section  thus  heated. 

It  is  evident  from  the  movements  of  strata  involved  in  mountain- 
building  actions  that,  whatever  be  the  nature  of  the  conditions  beneath 
the  superficial  portion  of  the  earth's  crust,  they  permit  its  ready  move- 
ment under  the  stresses  to  which  they  are  subjected  5  we  may,  there- 
fore, sui)pose  that  the  result  of  the  expansion  from  the  increase  of 
temperature  may  well  be  a  thrusting  action  against  the  coast  line  of  the 
areas  of  sedimentation.  Beneath  lands  which  have  long  been  the  seats 
of  erosion  the  isogeothermal  planes  are  presumably  lowered  toward 
the  center  of  the  earth  in  such  conditions  of  cooling.  These  sections 
would  probably  not  have  the  softened  base  which  permits  the  ready 
movement  observed  in  places  where  great  sedimentation  takes  place. 
It  will  be  observed  that  this  hypothesis  is  little  more  than  conjecture, 
but  in  this  difficult  field  of  incpiiry  it  appears  to  be  worth  while  to 
suggest  it. 

EFFECT   OF   IGNEOUS   INJECTIONS  ON   CARBONACEOUS  STRATA. 

At  no  other  place  in  this  country  are  the  effects  of  the  intrusion  of 
lavas  in  carbonaceous  rocks  so  well  exhibited  as  in  the  Richmond  basin. 
At  many  points  numerous  dikes  cut  the  coal  beds  and  bituminous  shales, 
and  in  several  instances  they  have  moved  parallel  to  these  deposits  in 
th(^  manner  of  sills.  As  yet  the  relatively  slight  workings  of  the  coal 
deposits  have  revealed  what  is  (certainly  but  a  small  ])roporti()n  of  these 
interesting  contacts,  yet  in  half  a  dozen  of  the  old  mines  the  explora- 
tions disclose  them. 

The  most  evident  effect  of  the  contact  or  even  the  propincpiity  of  the 
trap  injections  is  the  exi)ulsioii  of  tlie  more  volatile  portion  of  the  coal 
and  tlie  rearrangemcmt  of  the  remainder  in  the  form  of  what  is  w(^ll 
termed  "natural  coke."    Tliis  change  has,  in  (;ases,  occurred  at  tiie  dis- 
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tance  of  20  feet  or  more  from  tlie  nearest  side  of  the  injected  matter, 
the  alteration  being  very  even  in  its  character  so  far  as  it  is  efl'ected, 
but  ceasing  along  a  fairly  well-marked  line,  showing  that  there  was  a 
critical  point  in  the  scale  of  temperature,  beyond  which  the  heat  was 
not  sufficient  to  bring  about  a  change. 

It  is  interesting  to  note  that  the  heat  which  was  sufficient  to  coke  the 
coal  at  a  considerable  distance  from  the  source  of  the  temperature  in 
the  trap  dikes  has  not  distinctly  affected  the  conditions  of  the  other 
rocks  at  like  distances  from  the  originally  molten  mass.  These  rocks 
are  slightly  indurated,  but  not  often  sufficiently  so  to  make  them  resist 
weathering  more  effectively  than  those  remote  from  the  paths  of  the 
dikes. 

It  is  a  noteworthy  fact  that  the  distillates  arising  from  the  coking  of 
the  Richmond  coal  in  the  presence  of  the  trap  have  left  no  traces  in  the 
rocks  about  the  changed  beds.  These  beds  of  natural  coke  are  not 
infrequently  thick.  At  places  they  have  been  found  10  feet  or  more 
in  depth.  The  amount  of  the  volatilized  material  may  be  estimated  at 
about  one-third  of  the  compact  coke  which  remains,  yet  there  is  no  trace 
of  oil,  beyond  a  slight  odor  of  that  substance,  or  of  coal  tar  in  the 
neighboring  strata,  though  these  are  quite  open  enough  to  afford  a 
place  for  them.  These  heavier  products  of  the  coking  process  having 
disappeared,  it  is  not  to  be  expected  that  the  more  volatile  gases  would 
have  remained.  It  may  be  noted,  however,  that  no  traces  of  them  have 
been  found. 

It  seems  unlikely  that  the  materials  which  were  expelled  from  the  coke 
at  the  time  when  it  underwent  its  change  from  coal  could  have  found 
their  way  to  the  surface  without  leaving  any  traces  on  their  path  of 
escape.  It  is  a  natural  suggestion  that  they  might  have  entered  into 
various  combinations,  as  with  the  iron  oxide,  but  nothing  has  been 
observed  that  warrants  this  conjecture.  The  interpretation  of  the  facts 
must  await  further  study. 

It  has  been  suggested  that  the  formation  of  diamonds  is  brought 
about  where  beds  of  carbonaceous  materials  are  i^enetrated  by  dikes. 
This  hypothesis  is  evidently  warranted,  for  the  reason  that  this  crystal 
has  been,  in  its  smaller  and  least  perfect  forms,  produced  by  subjecting 
carbon  to  a  high  temperature.  There  seemed  one  bit  of  evidence, 
slight  but  possibly  instructive,  which  served  to  make  it  not  improbable 
that  these  gems  had  been  formed  in  the  natural  laboratory  of  the  dikes 
of  the  Richmond  basin.  According  to  a  well  supi^orted  tradition,  a 
diamond  of  some  size  was  found  many  years  ago  in  the  terrace  deposits 
in  the  western  part  of  the  town  of  Manchester,  some  10  miles  down  the 
James  from  the  eastern  margin  of  the  coal  tield,  in  a  position  where  it 
might  reasonably  be  supposed  that  it  came  from  the  rocks  of  that  area. 
It  is,  indeed,  by  no  means  unlikely  that  the  ^^"ewark  beds  originally 
extended  to  the  eastward  as  far  as  the  place  where  the  crystal  was 
discovered. 
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Acting'  on  the  clew  above  noted,  a  considerable  amount  of  the  gravelly 
material  from  the  small  streams  which  drain  the  region  about  Midlo- 
thian, where  the  traps  cut  the  beds  of  the  basin,  was  subjected  to  a 
careful  study.  This  study,  which  was  performed  by  Dr.  Palache, 
showed  no  trace  of  crystalized  carbon. 

It  should  not  be  understood  that  the  test  above  indicated  has  more 
than  a  slight  negative  value.  It  is,  perhaps,  overweighed  by  the  fact 
that  one  diamond  has  been  found  in  the  area.  It  seems  desirable  that 
some  one  who  has  had  experience  in  searching  for  these  crystals,  and 
whose  eye  is  accustomed  to  their  aspect  in  the  rough  state,  should  make 
a  careful  study  of  the  country.  Such  an  inquiry  should  be  directed 
to  the  region  about  the  eastern  margin  of  the  field,  for  there  the  coal 
beds  which  have  been  affected  by  the  heat  of  the  trap  have  been  subject 
to  disintegration. 

If  a  study  of  the  rock  in  the  mines  with  reference  to  the  occurrence 
of  diamonds  is  undertaken,  as  seems  desirable,  the  eftbrt  should  be  to 
select  the  deepest  points  at  which  the  dike  stones  can  be  found  cutting 
the  carbonaceous  layers.  It  is  evident  from  the  effect  the  injections 
had  upon  the  coal  that  the  lava  parted  rapidly  with  its  heat  in  the 
higher  portions  of  the  dikes.  Its  temperature  when  it  entered  the 
stratified  deposits  may  have  been  much  higher  than  in  the  places 
remoter  from  the  sources  of  supply. 

In  this  connection  it  may  be  noted  that  the  injection  of  the  dikes 
appears  to  have  taken  place  with  less  than  the  usual  violence.  Ko  brec- 
ciation  has  been  observed,  nor  any  inclusions  of  the  country  rock  in  the 
igneous  masses.  The  sheets  are  uniformly  rather  thin;  their  walls 
show  little  of  tlie  effect  of  chilling.  These  facts  point  to  the  conclusion 
that  the  in  jections  occurred  at  a  considerable  depth,  and  probably  in  a 
slow  manner. 

FORMER  EXTENT  OF  RICHMOND  NEWARK  AREA. 

It  is  evident  that  the  field  now  occupied  by  the  Newark  beds  of  the 
Richmond  basin  was  at  one  time  much  more  extensive  than  it  is  at  pres- 
ent. Its  extreme  limits  can  not  well  be  determined.  As  is  well  known, 
the  eastern  margin  of  the  field  is  bordered  by  several  small  detached 
areas,  in  which  are  preserved  the  lower  ('oal-bearing  strata.  In  the 
opinion  of  the  miners  of  the  district,  other  undeveloi)ed  basins  lie  yet 
further  to  the  eastward.  Occasional  patches  of  sands  having  the  hue 
common  to  the  decomposed  beds  of  tlie  Newark  are  exhibited  in  shallow 
road  cuts  and  gullied  fields  for  some  miles  east  of  the  recognized  out- 
crops ol'the  rocks.  It  is  not  imi)robal)le  that  small  basins  similar  to  the 
J>lack  Heath  lie  beneath  the  common  mantle  of  residual  dei)osits  as 
far  to  the  east  as  the  meridian  of  JJichmond,  or,  say,  12  miles  from  the 
ascertained  exposures  of  the  Newark  series.  It  should  be  noted  that 
the  considerable  area  of  Newark  rocks  at  Taylorsville  is  well  toward 
the  edge  of  the  Piedmont  district.    No  effort  has  been  made  to  seek 
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for  ttiese  smaller  outliers;  their  discovery  will  depend  on  chance  cut- 
tings or  on  searching  for  water,  or  on  a  systematic  exploration  by 
borings,  a  work  which,  though  of  importance  from  a  scientific  stand- 
point, can  not  at  present  be  commended  to  those  in  search  pf  coal. 

On  the  western  margin  the  same  conditions  of  detached  small  basins 
may  exist,  as  is  indicated  in  the  field  to  the  eastward;  but  the  higher 
elevation  of  the  country  and  the  deeper  incisions  of  the  streams  make 
it  less  probable  that  such  areas  have  been  overlooked  in  that  part  of 
the  field.  One  such,  however,  exhibiting  the  basal  conglomerate,  is 
noted  on  page  490  of  this  report. 

On  the  northeastern  margin  of  the  Richmond  basin  there  are  two 
small  subsidiary  basins,  those  of  Deep  Run  and  Taylorsville,  which  are 
much  further  separated  from  the  main  area  than  those  lying  in  the  east- 
ern and  western  margins;  they  are  also  much  longer  than  the  other 
outliers. 

The  general  arrangement  of  the  several  l^ewark  areas  in  Virginia 
exhibits  a  rude  en  echelon  order,  such  as  is  usually  found  in  the  position 
of  mountainous  folds.  About  the  greater  basins  lie  those  of  smaller 
size,  which  are  similarly  distributed.  The  grouping  is  in  general  con- 
sistent with  the  supposition  that  these  troughs  are  due  to  mountain- 
building  action,  in  which  tbe  faulting  of  the  basement  of  pre-Newark 
rocks  has  had  more  influence  on  the  attitude  of  the  stratified  beds 
than  is  evident  in  the  structures  of  the  Alleghanies.  This  feature 
is  perhaps  more  apparent  than  real,  for  the  reason  that  the  founda- 
tions of  the  folds  in  the  western  field  of  disturbances  is  not  revealed 
to  us.  The  distribution  of  the  remaining  portions  of  the  Newark  beds 
in  Virginia  is  consistent  with  the  hypothesis  that  the  deposits  once 
mantled  that  field  over,  the  several  areas  still  existing  owing  their 
preservation  to  their  inclusion  in  the  troughs  arising  from  the  dislo- 
cation of  the  basement.  It  is  also  reconcilable  with  the  supposition 
that  the  beds  were  laid  down  in  preexisting  valleys,  the  lesser  basins 
grouped  about  the  greater  being  peripheral  remnants  of  the  once  more 
extended  areas. 

The  fact  that  the  coal-bearing  beds  of  the  I^^ewark  group  fail  to 
appear  in  several  of  the  basins  of  the  Virginia  district  is  presumptive 
evidence  that  the  conditions  of  the  areas  differed  as  regards  the 
development  of  swamps.  From  what  is  known  of  these  basins  the  coal 
beds,  with  the  exception  of  those  of  the  small  area  north  of  the  James 
River,  seem  to  be  limited  to  the  field  south  of  that  stream. 

EXTREME  EROSION  OF  THE  EASTERN  APPALACHIANS. 

It  is  evident  that  the  disturbances  which  have  affected  the  district 
east  of  the  Blue  Ridge  must  have  produced  a  mountainous  topography, 
which  has  been  lost  by  the  processes  of  denudation  that  have  brought 
the  region  to  its  present  level,  while  mountains  formed  on  the  western 
side  of  the  Blue  Ridge  at  probably  an  earlier  period  exhibit  a  strong 
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topograpliic  relief.  This  feature  of  an  excessive  amount  of  effacement 
of  mountain-built  structures  in  the  region  next  the  coast  as  compared 
with  that  of  regions  farther  inland  is  distinctly  to  be  observed  from 
Georgia  to  the  Potomac  and  less  evidently  thence  to  the  Bay  of  Fundy. 

There  are  two  obvious  ways  in  which  this  difference  in  the  condition 
of  the  inland  and  coastal  reliefs  may  be  accounted  for.  It  may,  on  the 
one  hand,  be  explained  by  the  supposition  that  the  form  of  the  Pied- 
mont area  is  due  to  the  action  of  the  sea,  mainly  by  its  waves,  which, 
with  the  incessant  changes  of  level,  have  acted  in  a  zone  extending 
from  below  the  present  coast  line  to  the  height  of  some  hundred  feet 
above  that  plane.  On  the  other  hand,  it  may  be  accounted  for  by  the 
hypothesis  that  the  western  region  has  been  uplifted  at  one  or  more 
periods,  so  that  its  relief  has  been  worked  out  by  streams  since  a  time 
when  it  had  the  level  character  of  the  Piedmont  area  on  its  eastern 
side.  As  the  evidence  from  the  Pichmond  Basin  is  but  a  small  part 
of  that  which  has  to  be  considered  in  the  discussion  of  this  question, 
the  matter  will  be  passed  by  with  the  snggestion  that  a  close  study 
of  a  section  from  the  eastern  border  of  the  Piedmont  district  across 
the  Blue  Ridge  to  the  ^yestern  portion  of  the  Alleghanies  is  likely  to 
atford  valuable  data  for  the  inquiry.^ 

RECENT  CHANGES  OF  LEVEL. 

The  rapid  fall  of  all  the  rivers  of  the  Atlantic  coast  is  evidence  that 
this  shore  land  has  been  subjected  to  a  slight  ui)lifting  movement  m 
relatively  modern  times,  so  recent,  indeed,  that  the  rivers  have  not  been 
able  to  cut  down  their  beds  to  the  normal  depth.  Thus  the  James 
Eiver  has  evidently  done  but  little  work  since  it  was  revived  by  the  last 
elevation  of  the  district  in  which  it  lies. 

The  amount  of  the  last  downsinkiug  of  this  district  can  not  be  accu- 
rately determined.  As  noted  in  a  report  on  the  Dismal  Swamp  area,^ 
many  of  the  tlooded  valleys  have  deeper  water  some  distance  from  the 
coast  line  on  the  great  bays,  such  as  Pamlico  Sound,  than  exists  in  them 
nearer  the  sea.  In  some  cases  this  inward  deepening  amounts  to  40 
feet  or  more.  Allowing  the  least  possible  amount  for  sedimentation  in 
these  still,  deep  channels,  it  appears  likely  that  the  last  incursion  of  the 
sea  carried  it  to  a  level  between  50  and  100  feet  higher  than  it  was 
when  the  river  valleys  took  their  present  form. 

It  is  i)os.sible  that  some  of  the  obscure  terrace-like  structures  along 
the  James  River  to  the  seaward  of  the  Newark  Basin  may  re[)iesent 
the  work  of  the  sea  rather  than  that  of  the  river.  So,  too,  the  curious, 
small  shelf  morasses  of  the  county  of  Hanover,  north  of  the  James 

'  See  Hayes  and  Campbell  on  the  Geomorphology  of  the  Soutliern  Appalachians  (Nat.  Geog.  Ma^., 
Vol.  VI,  1894,  i)p.  63-126),  wlurrein  tho  ground  i.s  taken  that  tlm  Piedmont  district  and  tlic  v\  ijjtala- 
cliiaiiH  were  l».'i8c-level<(l  by  Hul)aerial  agencies,  and  that  thcj  Appalachians  have  been  subsequently 
uplif  ted,  allowing  the  streams  to  carve  out  valleys  in  that  part  of  the  contiuent. 

2  See  Tenth  Ann.  Kept.  U.  S.  Geol.  Survey,  Part  I,  1890,  pp.  313  et  seq. 
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River,  may  owe  their  origin  to  deposits  of  marine  sands  formed  during 
some  one  of  the  recent  subsidences  of  this  region.  What  is  known  of 
this  section  of  the  country  makes  it  admissible  to  suppose  frequent 
advances  of  the  sea  to  the  lower  part  of  the  Piedmont  slope. 

At  first  sight  it  might  be  supposed  that  this  section  of  the  country  had 
been  much  more  subjected  to  marine  invasions  than  the  other  parts  of 
the  eastern  United  States,  but  a  comparison  of  the  evidence  of  such 
action  with  that  which  may  be  obtained  in  New  England  or  in  the  more 
northerly  parts  of  the  continent  shows  that  the  Virginia  district  is  in 
this  regard  in  no  way  exceptional.  In  the  report  on  the  geology  of 
Mount  Desert^  the  existence  of  more  than  half  a  dozen  elevated  shore 
lines  is  noted.  In  the  Cape  Cod  district  of  Massachusetts  there  is  evi- 
dence of  at  least  four  advances  and  recessions  of  the  ocean  waters  since 
the  beginning  of  the  Pleistocene  epoch.  The  number  is  i)robably  much 
greater  than  is  noted.^  In  fact  the  more  the  shore-land  district  of  this 
country  is  studied  the  more  it  becomes  evident  that  the  relations  in 
height  of  the  land  to  the  sea  have  been  subjected  to  continuous  and 
swiftly  repeated  changes. 

As  before  remarked,  the  advance  or  recession  of  the  sea  on  the  face 
of  laud  may  be  due  either  to  the  rise  or  fall  of  the  sea  level  or  to  a 
positive  movement  of  elevation  or  subsidence  of  the  land  itself.  In 
most  cases,  as  both  sea  and  land  are  undergoing  independent  move- 
ments, the  position  of  the  shore  at  any  one  time  is  likely  to  be  deter- 
mined by  an  equation  between  these  two  independent  swayings.  It  is, 
of  course,  quite  impossible,  in  most  cases,  to  say  to  which  of  these 
groups  of  causes  a  particular  change  of  level  is  to  be  attributed;  but  in 
the  case  of  the  last  great  movement  of  the  sea,  that  which  has  recently 
drowned  the  lower  part  of  the  river  valleys  of  this  region,  it  may  reason- 
ably be  assumed  that  the  action  was  due  to  a  positive  uprising  of  the 
ocean.  This  is  indicated  by  the  fact  that,  throughout  the  world,  all 
shores,  with  rare  exceptions,  exhibit  the  same  drowned  valleys  which  are 
so  conspicuous  a  feature  on  the  Virginia  coast.  That  they  are  rather 
more  evident  on  this  shore  than  elsewhere  is  due  to  the  fact  that  here 
the  streams  are  small,  and  owing  to  the  generally  decayed  and  open 
nature  of  the  subjacent  rocks,  they  carry  little  sediment  wherewith  to 
form  delta  deposits,  which,  as  in  the  case  of  the  Mississippi  Eiver, 
has  so  often  served  to  obliterate  the  original  incursion  of  the  sea. 

CLIMATAL  CONDITIONS  OF  NEWARK  TIME. 

The  evidence  as  to  the  climatal  conditions  of  the  time  during  which 
these  beds  were  laid  down,  though  not  great  in  amount,  is  interesting 
enough  to  warrant  some  discussion  of  the  matter.  As  regards  the 
temperature  of  the  district,  the  beds  lying  at  the  base  of  the  section 

1  See  Eiglith  Ann.  Kept.  U.  S.  Geol.  Survey,  Part  II,  1889,  pp.  987  et  seq. 

2  See  Eighteenth  Ann.  Kept.  U.  S.  Geol.  Survey,  Part  II,  1898,  pp.  497  et  seq. 
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contain  numerous  plants  which  must  have  had  permanently  living 
foliage,  and  which  thereby  indicate  a  substantial  immunity  from  frost. 
The  part  of  the  section  containing  the  distinct  coal  beds  has  a  thickness 
not  yet  accurately  known,  but  which  probably  does  not  exceed  100  feet. 

During  the  time  when  the  coal  beds  were  being  deposited  the  climate 
was  presumably  humid,  for  it  permitted  the  accumulation  of  thick  beds 
of  peat,  which  in  general  character  must  have  been  not  unlike  those 
formed  during  the  Carboniferous  era.  As  such  masses  of  peat  rarely, 
if  ever,  are  found  in  tropical  conditions,  it  may  be  presumed  that  the 
mean  temperature  was  not  much  above  what  it  now  is  in  this  field.  As 
the  production  of  thick  morass  deposits  does  not  go  on  in  regions  which 
have  regular  and  long  dry  seasons,  we  may  conclude  that  the  climate 
was  one  of  tolerably  constant  humidity.  These  conditions  would  hardly 
be  satisfied  by  the  present  climate  of  the  area,  but  they  would  be  met 
were  the  extremes  of  winter  cold  and  summer  drought  excluded. 

After  the  deposition  of  the  lower  coal-bearing  section  there  came  a 
distinct  alteration  in  the  conditions  of  this  area,  which  may  have  been 
due  to  a  change  of  climate,  but  is  explicable  on  the  supposition  that  it 
was  caused  by  topographic  alterations.  The  beds  no  longer  contain 
evidences  of  ancient  swamps.  They  show  the  existence  of  conditions 
such  as  may  be  found  in  the  low  lands  of  rather  arid  fields.  The  like 
may  be  found  in  the  valleys  of  the  Cordilleras,  where  the  rainfall  is  less 
than  20  inches  per  annum.  On  the  other  hand,  the  thick  beds  of  detrital 
materials  show  that  at  certain  times  of  the  year,  at  least,  the  rainfall 
was  considerable. 

Although  no  trace  has  been  found  of  salt  deposits  in  this  field,  the 
assemblage  of  facts  leads  one  to  suppose  that  the  upper  part  of  the  sec- 
tion, which  amounts  to  2,000  feet  or  more  in  tliickness,  was  accumulated 
in  arid  rather  than  in  humid  conditions  of  climate.  The  beds  were 
probably  laid  down  in  a  fresh-water  lake  or  in  a  broad  river  valley.  It 
is  evident  that  vegetation  frequently  developed  upon  the  shores.  That 
it  attained  no  great  depth  can  best  be  explained  by  the  supposition 
that  the  climate  was  not  such  as  to  favor  the  growth  of  peat  deposits. 
These  conditions  would  be  met  by  the  assumption  that  while  there  was 
rainfall  sufficient  to  produce  strong  erosion,  a  dry  season  inhibited  the 
development  of  thick  peaty  deposits. 

EVIDENCE  FROM  THE  CONGLOMERATES  AS  TO  PERIODS  OF 

METAMORPHISM. 

Conglomerates  such  as  those  of  the  Newark  have  a  peculiar  but  much 
neglected  value  in  that  they  afford  what  may  be  termed  a  census  or  test 
of  the  conditions  of  the  rocks  whence  the  fragments  were  derived  at 
the  time  when  the  pebbles  were  formed.  Such  information,  when  on(;e 
approved,  enables  the  geologist  to  fix  the  period  when  the  chemical  and 
physical  changes  of  the  rocks  of  a  country  were  effected.  J>y  safe 
19  GEOL,  PT  2  27 
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methods  of  inference  the  evidence  may  lead  to  conclusions  as  to  the 
ancient  deep  burial  of  rocks  which  are  now  exposed  at  the  surface,  and 
as  to  the  former  extension  of  deposits  which  are  now  limited  in  their 
area,  or  which  have  quite  disappeared  by  erosion,  or  which  have  been 
changed  in  their  miner alogical  character.  In  a  word,  a  true  conglom- 
erate is  likely  to  be  a  collection  of  the  rocks  of  the  country  in  which  it 
lies,  one  made  at  the  time  when  the  strata  were  formed. 

As  the  pebbly  deposits  of  the  Eichmond  Basin  have  escaped  other 
changes  than  those  of  the  slighter  sort,  such  as  arise  from  compression 
and  a  triiiing  amount  of  iron  deposition,  we  are  from  their  contents 
enabled  to  make  the  affirmations  stated  below.  The  first  of  these  is 
that  the  foundation  rocks  of  the  James  Kiver  district  had  in  Newark 
time  the  character  we  now  find  impressed  upon  them.  They  were  crys- 
tallized, sheared,  and  hardened  as  they  are  at  the  present  day.  The 
only  difit'erence  between  their  present  and  their  ancient  aspect  consists 
in  the  fact  that  the  dike  stones  are  new.  This  is  indicated  by  the 
absence  of  pebbles  of  distinctly  igneous  rock,  such  as  would  have  been 
derived  from  the  dikes  which  cut  the  sedimentary  deposits.  The  sec- 
ond affirmation  is  that  the  only  sedimentary  deposits  abundant  at  the 
time  when  the  pebble  beds  were  formed,  but  now  rare,  were  certain 
quartzites  which  form  a  large  share  of  the  fragments  that  make  up  the 
pebbly  beds  of  the  more  superficial  deposits  which  overlie  the  Newark. 
These  quartzites  have  been  pretty  generally  cleared  away  from  the 
James  River  Valley,  except  in  and  near  the  Blue  Ridge. 

AGE  OF  THE  UNDERLYING  ROCKS. 

As  to  the  age  of  the  fundamental  plexus  in  this  region  there  is  no 
evidence  of  value.  The  deposits,  however,  probably  date  to  Laurentian 
or  Huronian  time.  So  far  as  it  goes,  the  evidence  as  above  noted  indi- 
cates that  in  Newark  time  there  Avere  no  beds  accessible  to  the  streams 
which  drained  into  this  basin  of  newer  age  than  Cambrian  or  pre- 
Oambrian.  In  other  words,  the  upper  Paleozoic  section  was  wanting  in 
this  field. 

It  is  to  be  noted  that  the  James  River  now  cuts  a  great  variety  of 
Paleozoic  beds,  and  that  its  current  conveys  waste  from  all  the 
important  members  of  that  section,  from  the  Cambrian  to  the  Carbon- 
iferous, inclusive.  It  therefore  seems  probable  that  this  river,  or  a 
stream  draining  through  the  Blue  Ridge,  did  not  exist  at  the  time  when 
the  deposits  of  the  Richmond  Basin  were  accumulated.  This  view  is 
consistent  with  the  hypothesis  that  these  strata  were  deposited  in  an 
antecedent  basin  which  was  part  of  a  system  of  drainage  different 
from  that  which  now  exists  in  this  field.  The  map  of  the  basin  shows 
that  there  is  no  trace  of  a  prolongation  of  the  beds  in  the  axis  of  the 
existing  valley.  The  margins  cut  directly  across  that  trough,  as  they 
would  not  be  likely  to  do  if  the  basin  had  existed  at  the  time  when 
they  were  formed. 
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The  most  reasonable  supposition  eoucerning  the  derivation  of  the 
pebbly  beds  of  the  Newark  is  that  they  came  through  purely  local 
streams,  and  that  the  James  Eiver  drainage  had  not  worked  through 
the  Blue  liidge,  but,  so  far  as  its  upper  waters  are  concerned,  forced  a 
way  parallel  to  that  barrier  to  some  other  point  of  discharge  into  the 
sea.  The  narrow,  canj^on-like  character  of  the  water  gap  in  that  great 
ridge  indicates  that  the  streams  which  more  or  less  completely  traverse 
it  have  cut  their  passage  in  relatively  modern  times.  The  upper  James 
Kiver  may  have  been  a  part  of  the  Shenandoah  drainage,  or  perhaps 
of  the  Ivoanoke  system,  which  was  here  diverted  or  robbed  by  the  cut- 
ting back  of  a  torrent  that  at  one  time  headed  near  Lynchburg. 
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CHAPTEE  II. 

THE  ROCKS  OF  THE  AREA. 
ROCKS  BORDERING  AND  UNDERLYING  THE  BASIN. 

The  term  geologic  basin  implies  a  mass  of  strata  surrounded  on  the 
present  surface  and  underlain  by  rocks  of  more  ancient  date,  present- 
ing frequently  a  marked  difference  of  attitude  and  invariably  of  struc- 
ture; at  least  such  is  the  conception  gained  if  we  examine  the  areas  to 
which  the  name  basin  has  been,  in  the  common  use  of  geologists, 
applied.  Of  the  distribution  of  the  rocks  of  this  earlier  group  beneath 
the  Richmond  Basin  we  have  as  yet  no  knowledge  other  than  those 
apparently  valid  suppositions  which  may  be  based  upon  a  fair  inter- 
pretation of  the  dominant  structure  of  the  rocks  about  its  margin. 

The  porphyritic  granitite. — The  bordering  rock  on  the  eastern  side  of 
the  area  is  a  coarse  porphyritic  granitite,  well  developed  in  the  vicinity 
of  Midlothian,  and  extending  with  variations  of  texture  as  far  north 
as  Gayton  and  as  far  south  as  Winterpock.  Its  large  porphyritic 
crystals,  often  in  the  form  of  Carlsbad  twins,  are  arranged  in  a  general 
north  and- south  direction,  due  to  the  flow  of  the  once  fluid  rock  (see 
PI.  XIX).  The  disintegration  of  these  feldspars  has  played  an  impor- 
tant part  in  the  development  of  the  Kewark  sediments. 

This  granitite  shows,  at  least  in  the  middle  of  the  area  in  which  it  is 
exposed,  no  signs  of  dynamic  metamorphism.  It  is  cut  by  a  few  small 
aplite  dikes  in  the  vicinity  of  Midlothian,  but  its  relations  to  the  neigh- 
boring pre-Xewark  rocks  have  not  as  yet  been  investigated.  From  the 
general  distribution  of  the  mass,  it  is  evident  that  it  underlies  the 
eartern  part  of  the  Richmond  Basin,  but  its  extent  toward  the  west  and 
the  position  of  the  line  of  contact  between  it  and  the  gneiss  of  the  western 
border  are  not  definitely  known. 

The  gneisses. — The  extreme  northern  and  southern  ends  of  the  Rich- 
mond basin  are  bordered  by  gneissic  rocks,  which  are  continuous  along 
the  western  margin  except  for  occasional  dikes  of  granite  interpolated 
in  them.  The  gneiss  appears  to  be  largely  igneous  rock  also,  but  in  an 
altered  condition  from  the  effects  of  pressure  and  shearing.  The  most 
common  type  resembles  quartz-pori)h3^ry,  which  has  been  extensively 
sheared,  faulted,  and  jointed.  Some  of  its  secondary  structures  are 
shown  in  the  accompanying  reproduction  of  a  photograph  taken  along 
the  western  border  where  streams  have  removed  the  weathered  subsoil 
(see  PI.  XX). 
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Gneiss  is  exposed  in  the  southern  end  of  Cornwallis  Hill,  near 
Mauakin,  where  quarries  have  been  opened  for  "road  ballast."  The 
intrusion  of  granitic  sills  gives  the  rock  a  banded  structure,  the  dip  of 
which  is  low.  Minute  cavities  in  these  rocks  sometimes  contain  freely 
terminated  black  quartz  crystals,  and  are  said  to  yield  a  few  drops  of 

coal  oil.''  The  overlying  carbonaceous  shales  have  probably  furnished 
this  material.  This  quarry  also  exhibits  two  faults,  the  bearing  of 
which  on  the  structure  of  the  basin  is  described  on  jyaga  4G4. 

These  rocks  are  everywhere,  except  in  stream  beds  and  artificial 
openings,  deeply  decayed  (see  PI.  XXI),  and  their  detailed  investiga- 
tion has  been  postponed  until  the  mapping  of  the  area  surrounding  the 
Eichmond  basin  is  undertaken.  It  is  sufficient  to  state  here  that 
granites  and  gneisses  were  exposed  at  the  surface  in  this  part  of  the 
continent  at  the  time  deposition  began  in  the  Eichmond  basin.  The 
age  of  these  rocks  is  not  locally  determinable. 


CHAPTEE  III. 


STRATIGRAPHY  OF  THE  RICHMOND  AREA. 

The  grouping  of  the  strata  in  this  area  and  their  representation  on 
maps  has  never  before  been  attempted.  The  nearest  approaches  to  a 
classification  of  the  strata  made  by  those  actually  acquainted  with  the 
field  are  the  tables  given  by  Sir  Charles  Lyell  and  Oscar  Heinrich. 
The  former  geologist  recognized  a  lower  coal-bearing  zone  and  an 
upper  series  of  sandstones.  To  these  obvious  subdivisions  of  the 
strata  in  the  Richmond  area  this  distinguished  geologist  gave  no  dis- 
tinctive names  beyond  the  reference  to  a  European  horizon  with 
which  he  considered  the  coal  measures  contemporaneous.  Heinrich's 
grouping  of  the  strata  is  based  on  local  observations  in  the  shafts  and 
mines  about  Midlothian.  Other  schemes  of  grouping  have  been  i^ro- 
posed,  but  in  no  case  has  the  attempt  been  made  to  apply  these  stand- 
ards to  regions  outside  of  the  section  whereon  the  subdivisions  were 
based. 

A  casual  observer,  traversing  the  Richmond  area  on  any  one  of  the 
section  lines  described  in  this  report,  can  not  but  note  that  there  are 
several  leading  lithological  features  displayed  in  bands  by  which  the 
strata  may  be  roughly  grouped.  When  one  seeks  to  trace  out  these 
bands  along  the  strike  of  the  strata  the  futility  of  the  task  is  at  once 
apparent.  It  is  only  on  the  broadest  possible  lines  and  probably  with 
a  considerable  error  in  the  placing  of  boundaries  between  distinguish- 
able groups  of  strata  that  a  mapi3ing  of  the  basin  can  at  preseut  be 
carried  out. 
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TABLE  OF  FORMATIONS. 


The  accompanying  table  of  divisions  is  an  expression  of  the  present 
knowledge  concerning  the  lithological  and  biologic  characters  of  the 
area. 

Table  of  formations  in  the  Richmond  area. 


Divi- 
sions. 
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0) 
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O 
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Lithologic. 


Subdivisions. 


Otterdale  sand- 
stones. 


Vinita  beds 


Productive  coal 
measures. 


Lower  barren  beds . 


Boscabel  bowlder 
beds. 


Biologic  divisions. 


Araucari  oxy- 
lon  beds. 


Estheria  beds  . 


Macrotreniop 
teris  beds. 


General  cbaractei-s. 


Coarse  sandstones,  often  feld- 
spathic,  with  silicified  trunks 
of  Araucarioxylon ;  well  devel- 
oped north,  south,  and  west  of 
Otterdale.  Thickness,  500+ 
feet. 

Black  fissile  shales,  carrying 
Estheria  ovata,  passing  up- 
ward and  intercalated  with 
gray  sandstones;  in  Jamos 
River  bluff,  west  of  Vinita 
statiou,  on  Tomahawk  Creek. 
Thickness,  2,000  feet. 

Interstratified  beds  of  bitumi- 
nous coal  (usually  3  seams), 
coke,  black  shales  («,  fish 
bearing;  6,  estheria  shales;  c, 
vegetal  shales),  sandstones 
(feldspathic  and  micaceous), 
fossil  plants;  teeth,  bones,  and 
tracks  of  reptiles.  Thickness, 
500  ( ?)  feet. 

Sandstones  and  shales  under 
coal  beds,  often  with  arkose. 
Thickness  variable,  from  0  to 
300  feet. 

Local  deposits;  l)owld<'r8  of 
gneiss  and  granite.  Thick- 
ness variable,  0  to  nO  feet. 


The  divisions  of  the  strata  thus  recognized  will  now  be  described 
more  in  detail. 

THE  TUCKAHOE  GROUP. 

The  Tuckahoe  group  includes  the  lower  coal-bearing  bods  of  the 
Newark  system  in  tlie  Jiicliinoiid  l>asin. 

Tlie  beds  are  well  exposed  in  the  shalts  mihI  mines  horderiiig  Tuck- 
ahoe Creek,  in  Goochland  County,  in  tlie  vicinity  of  (Jayfon.  At 
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various  points  in  the  area  the  facts  go  to  show  the  existence  of  a  series 
of  beds  of  variable  thickness  below  the  coal-bearing  strata;  and, 
throughout  the  group,  although  shales  predominate,  feldspathic  sand- 
stones and  arkose  beds  occur.  The  Tuckahoe  group,  as  a  whole,  may 
be  treated  under  the  head  of  (1)  the  Boscabel  bowlder  beds,  (2)  the 
lower  barren  measures,  (3)  the  productive  coal  measures.  The  thick- 
ness of  these  strata  amounts,  in  certain  sections,  to  as  much  as  500 
feet;  in  some  localities  the  formation  containing  coal  appears,  from 
trustworthy  information,  to  measure  not  more  than  one-tenth  of  this 
estimate. 

THE  BOSCABEL  BEDS. 

Bowlder  deposits,  believed  to  be  associated  with  the  Newark  rocks, 
are  found  at  two  points  on  the  western  margin,  north  of  the  James 
Eiver.  Heinrich^  reports  their  existence  at  the  base  ef  the  formation, 
at  Midlothian,  on  the  eastern  margin ;  but  such  deposits  have  not  been 
discriminated  at  the  surface  in  that  district.  It  may  be  that  the  large 
granitic  blocks  left  upon  the  granitic  area  at  the  border  line  by  atmos- 
pheric decay  form  a  part  of  this  layer,  but  there  is  no  proof  to  that 
effect. 

The  bowlder  deposits  along  the  western  margin  are  best  exposed  at 
Boscabel  Ferry,  in  a  small  area  separated  from  the  main  basin  at 
Manakin  by  the  gneissic  ridge  of  Cornwallis  Hill.  The  deposit  con- 
sists of  subangular  fragments  of  gneiss  of  various  origins.  While  a 
few  of  the  fragments  are  rounded,  others  show  almost  unabraded  joint 
faces.  Flat  blocks  3  feet  long  and  2  feet  wide,  and  even  4  feet  long, 
occur  in  pell-mell  disorder,  with  a  partial  bedding  of  reddish  gritty 
sandstone. 

This  conglomerate,  so  far  as  can  be  determined  from  the  intercalated 
sand  bands  above-mentioned,  dips  westward,  as  do  the  shales  on  the 
south  side  of  the  James  Eiver,  in  the  same  Avedge  of  strata.  The  beds 
sink  southward,  and,  although  their  thickness  is  not  exactly  ascertain- 
able, it  is  at  least  50  feet  at  the  western  base  of  Cornwallis  Hill. 

A  second  and  more  extensive  exposure  of  a  conglomerate  of  the  type 
above  noted  is  met  with  on  the  Manakintown  road  just  north  of  its 
junction  with  the  Three  Chop  road.  This  deposit  is  exposed  only  in 
the  road  cutting.  The  locality  is  three-fourths  of  a  mile  west  of  the 
boundary  of  the  Kichmond  area,  with  an  intervening  strip  of  the  pre- 
Newark  gneisses.  The  stratigraphic  relations  of  the  bowlder  deposit 
to  the  Newark  section  are  therefore  undeterminable  by  direct  evidence. 
Analogy  with  the  area  to  the  south  and  with  similar  outlying  patches 
of  sediments  suggests  its  correlation  with  the  base  of  the  strata  in  the 
Eichmond  area. 

The  bowlders  of  gneiss  and  pegmatitic  granite  here  assume  large 
dimensions.  One  rounded  block  of  gneiss  is  upwards  of  6  feet  long,  4 
feet  wide,  and  as  much  as  2  feet  thick.     The  accompanying  photograph 


1  Trans.  Am.  Inst.  Min.  Eng.,  Vol.  VI,  1879,  p.  227. 
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(PI.  XXII)  exhibits  this  bowlder  and  the  adjaceut  smaller  fragments, 
together  with  the  characteristic  pell-mell  structure  which  results  from 
some  of  the  fragments  lying  on  their  sides  and  some  on  their  ends. 
The  bowlders  exhibit  none  of  the  decomposition  and  disintegration 
previous  to  their  deposition  which  must  be  supposed  to  have  taken 
place  in  the  case  of  the  granitites  of  the  eastern  margin  of  the  Eich- 
mond  area.  As  will  be  shown  in  this  report,  deposition  in  this  area 
began  with  land  to  the  eastward  strewn  with  the  products  of  the 
weathering  of  granites.  The  difference  m  aspect  between  these  bowl, 
der  deposits  of  the  western  margin  and  the  basal  arkose  beds  of  the 
eastern  margin  is  in  part  accounted  fnr  by  the  presence  ot  metamor- 
phosed quartz-porphyries  in  the  gneiss  of  the  former  district.  It  is  a 
noticeable  fact  in  the  rocks  of  the  Atlantic  slope  that  the  ancient  sur- 
face or  volcanic  equivalents  of  granite,  viz,  quartz-porphyry  and  fel- 
site,  weather  much  more  slowly  than  rocks  of  the  granitic  family  under 
the  same  conditions  of  exposure  to  the  atmosphere.  This  difference 
in  the  nature  of  the  rocks  of  the  eastern  and  western  margins  of  the 
Eiclimond  area,  coupled  with  the  i:)robable  action  of  water  in  remov- 
ing the  finer  products  of  disintegration  from  bowldery  accumulations, 
makes  it  possible  to  regard  the  Boscabel  beds  as  local  phases  of  the 
area  of  deposition. 

In  the  two  small  tracts  in  which  these  bowlder  beds  have  been 
studied,  the  materials  present  a  strong  local  character,  neither  their 
lithological  ])eculiarities  nor  their  form  calling  for  distant  transporta- 
tion. A  search  for  striated  surfaces  failed  to  bring  to  light  evidence 
of  the  glacial  abrasion  or  transi)ortation  of  the  bowlders.  On  the  con- 
trary, when  we  consider  these  deposits  in  connection  with  other  sedi- 
ments at  the  base  of  the  section  in  the  Richmond  basin,  it  is  i)robable 
that  weathering,  aided  by  the  work  of  running  water  or  possibly  by 
waves,  aftbrds  a  satisfactory  explanation  of  these  basal  accumulations. 

THE  LOWER  BARREN  MEASURES. 

It  was  the  opinion  of  Prof.  W.  B.  Kogers  that  the  coals  of  the  Ilich- 
mond  basin  rested  immediately  upon  the  granitic  terrane  of  the  eastern 
margin.  Wliile  this  view  appears  to  be  true  of  some  of  the  sections  in 
the  old  mines,  investigations  made  subsequent  to  his  studies  have  shown 
that  there  is  frequently  a  considerable  thickness  of  strata  interposed 
between  the  actual  base  of  the  Xewark  group  and  the  h)west  coal  bed. 
In  some  of  the  instances  in  Avhicli  the  coal  has  been  seen  resting  on  tlie 
granitic;  basement  it  is  known  tliat  the  relation  has  been  bronght  about 
by  faulting.  In  other  cases  the  occnrreiu^e  of  barren  IxmIs  at  the  ]);ise 
of  the  section  is  to  be  explained  ])y  the  local  failure  of  coal  making 
conditions  rather  than  by  the  supposition  that  tin'  beds  in  (iuesti«)n 
were  laid  down  before  the  lowest  coal  bed  elsewhere  deposited  in  tlie 
area.  In  many  cases  in  this  basin,  wliere  bjirrcn  strata  occui-  hnicath 
a  coal  bed,  it  is  inii>r;ict icjibh*  tn  determine  whether  these  Iteds  are 
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older  than  the  coal  measures  proper.  The  fact,  however,  that  a  consid- 
erable thickness  of  sandstones  and  shales  has  been  encountered  below 
the  coal  beds  where  these  are  fully  developed  seems  to  indicate  that 
mere  variation  in  the  thickness  of  the  coal  beds  is  not  a  sufficient 
explanation  of  the  facts. 

Arkose  beds. — In  the  areas  which  have  produced  coal  these  lower 
barren  measures  consist  of  beds  of  arkose  often  resting  on  the  gran- 
itite  of  the  region.  This  arkose  is  often  so  little  changed  in  appearance 
from  the  less  porphyritic  varieties  of  the  granitic  rock  as  to  be  indis- 
tinguishable to  the  inexpert  eye.  Indeed,  it  is  probable  that  in  some 
sections  the  ancient  disintegrated  granitite  grades  upward  by  con- 
stantly increasing  rearrangement  and  wear  of  its  constituent  feldspar 
and  quartz  grains  into  the  recognizable  arkose  beds.  The  occasional 
occurrence  of  a  waterworn  pebble  of  vein  quartz  or  cleavage  fragment 
of  the  large  porphyritic  feldspar,  where  the  attrition  and  rounding  of 
the  smaller  grains  or  granitic  quartz  and  feldspar  is  not  apparent,  will 
suffice  to  determine  the  passage  of  the  granitic  rock  into  arkose. 

AVhile  the  arkose  is  the  basal  member  on  the  eastern  margin,  there 
is  no  horizon  to  which  it  may  be  said  to  be  limited.  Beds  of  arkose 
reappear  from  horizon  to  horizon  with  increasing  marks  of  water  wear 
throughout  the  section  in  the  Richmond  Basin.  The  beds  of  it  are, 
however,  best  developed  about  the  granitic  masses  of  the  eastern  mar- 
gin. From  their  stratigraphic  position,  it  is  probable  that  the  basal 
beds  of  arkose  are  the  approximate  equivalents  in  time  of  the  bowlder 
beds  of  the  western  margin.  The  arkose  beds  thus  become  of  impor- 
tance in  determining  the  general  conditions  under  which  deposition 
elsewhere  in  the  area  began. 

It  is  well  known  that  when  a  member  of  the  petrographic  group  of 
granites  disintegrates  under  exposure  to  the  atmosphere,  grains  of 
quartz  and  feldspar  are  set  free  in  a  condition  to  be  transported  by 
wind  and  water.  The  nearly  equal  weight  and  hardness  of  these  com- 
mon rock-making  minerals  and  the  approximate  identity  of  size  of 
thousands  of  the  particles  thus  formed  make  it  possible  for  the  agents 
of  transportation  to  remove  them  indiscriminately  to  nearly  equal  dis- 
tances. The  result  is  the  formation  of  a  new  clastic  rock  having  the 
dominant  minerals  of  the  granite  family. 

The  iron-bearing  silicates  of  the  granitites  decompose  more  readily 
than  the  feldspars  with  which  they  are  associated,  and  may  thus  break 
up  into  new  compounds  before  transportation  of  the  loosened  bed  rock 
sets  in.  Even  when  these  iron-bearing  silicates  are  micaceous,  or 
become  so  through  alteration,  their  lightness  and  their  softness  lead 
quickly  to  their  separation  from  the  heavier  grains  which  make  the 
arkose  beds. 

If  the  weathering  of  the  land  surface  goes  so  far  that  the  feldspathic 
rocks  are  kaolinized,  the  resulting  products  of  erosion  and  transporta- 
tion will  be  beds  of  quartz  sand  and  of  clay  rather  than  arkose.  Such 
IS  the  condition  of  preparation  of  the  granitic  rocks  at  the  present  sur- 
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face  ill  the  area  about  the  Kichmoiid  Basin,  at  least  iii  the  sui)erficial 
portion  of  the  decayed  zone.  The  arkose  beds  at  the  base  of  the  New- 
ark section  therefore  indicate  a  condition  of  the  ancient  granites  in 
whicli  disintegration  rather  than  decomposition  of  the  feldspars  had 
been  attained. 

The  arkoses  of  the  Eichmond  Basin  in  the  higher  beds,  as  well  as 
near  the  base,  except  for  recent  discoloration  by  iron  oxides,  are  pre- 
vailingly white  or  gray.  These  whitish  arkoses  are  noticeably  free 
from  the  ndcaceous  element  of  the  original  granitite.  On  the  contrary, 
in  some  of  the  fine-grained  arkose  beds  of  the  central  and  higher  por- 
tions of  the  basin,  reddish  colors  appear  in  association  with  bleached 
micas,  probably  the  biotite  of  the  original  granitite,  the  iron  from 
which  mineral  has  oxidized  after  transportation  and  dejiosition,  and  so 
has  discolored  the  surrounding  rock.  Had  the  biotite  of  the  parent 
rock  decomposed  or  lost  its  iron  before  erosion  set  in  the  contiguous 
feldspars  would  have  received  the  coloring  matter  in  their  cleavage 
planes,  so  that  red  arkoses  like  those  of  the  Connecticut  area  would 
have  been  widespread  in  this  field. 

KusselP  has  shown  that  red  sandstones  are  in  certain  cases  the  result 
of  slow  disintegration  of  the  bed  rock  previous  to  the  transportation 
of  the  material.  The  bleaching  and  whitening  of  sediments  is  a  corre- 
lated process,  also  dependent  on  the  conditions  affecting  the  detritus  in 
situ.  With  the  slow  bleaching  of  the  beds  near  the  surface  in  the  zone 
of  the  subsoil  the  iron-bearing  solutions  work  downward,  giving  red 
iron-stained  sedimentary  grains  out  of  which  to  recompose  red  sand- 
stones, leaving  above  whitened  materials  for  the  making  of  white  clays 
and  ligM-colored  sands.  The  manner  in  whicli  these  zones  of  color 
are  massed  and  the  mode  in  which  they  are  eroded  will  necessarily 
vary  and  may  result  in  the  formation  of  white  sandstones  and  red  sand- 
stones or  alternations  of  these  rocks. 

A  peculiar  variety  of  feldspathic  rocks  found  on  the  eastern  margin 
of  the  basin  consists  of  a  matrix  of  carbonaceous  compact  clay  inter- 
spersed with  quadrangular  cleavage  pieces  of  the  large  porphyritic 
feldspars  of  the  granitite  (see  PL  XXIIl).  The  means  by  which  these 
fehlspar  fragments  were  dispersed  in  the  clays  without  accompanying 
grains  of  (juartz  and  the  more  minute  feldspar  fragments  is  not  iu 
accordance  with  the  ordinary  work  of  running  water.  Wind  or  floating 
ice  is  apparently  demanded  for  the  transportation  of  the  feldspar  grains, 
since  currents  of  water  strong  enough  to  bring  the  large  leldsi)ar  pieces 
to  the  area  of  dei)()siti()n  would  have  swei)t  away  the  mnd;  moreover, 
such  currents  would  have  assorted  and  stratified  the  materials. 

Climate  as  indicated  hy  arkose. — Dr.  Geo.  P.  Merrill  '^  has  sliown  that 
the  disintegration  of  feldspar  may  proceed  to  the  point  of  furnishing 
particles  for  transportation  without  perceptible  decom])osition  oi'  tlicse 


'Subaerial  decay  of  rocks  iind  tin-  or  i;.Mii  ot  tli<-  ri  <l  color  ofci-i  tain  loriiiiitioiiH  :  I'.ull.  V  S.  (ieol. 
Survey  No.  52. 

'Kocks,  Kock-Weatlicriiig,  au<l  Soils,  ]«!•:,  j.j..  241-242. 
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complex  silicates.  Fragments  of  this  cLaracter  may  thus  form  iu  arid 
or  cold  climates,  where  the  chemical  and  mechanical  work  of  running 
water  is  at  a  minimum.  The  geologists  of  India ^  have  argued  from  the 
abundance  of  detrital  feldspar  in  certain  formations  of  that  region  that 
these  deposits  mark  periods  of  cold,  when  disintegration  was  in  excess 
of  decomposition.  Applying  the  inference  from  the  occurrence  of  feld- 
spar detritus  just  stated  to  the  Eichmond  Basin,  we  should  suiDpose  that 
the  Newark  time  opened  with  a  cool  climate^  but  this  supposition  does 
not  exclude  the  idea  of  aridity  as  well.  Since  it  is  not  proved  that  the 
pre-Newark  land  surface  was  in  this  district  at  sea  level,  it  may  be  that 
a  low  mean  annual  temperature  was  the  effect  of  high  elevation  rather 
than  that  there  was  a  lower  temperature  in  that  latitude  than  now  pre- 
vails there.  It  should  be  noted  also  that  the  argument  for  cool  climate, 
based  on  the  occurrence  of  feldspar,  relates  to  the  time  of  disintegra- 
tion of  the  arkose  rather  than  to  the  time  of  its  transportation  and 
deposition.  That  a  marked  climatic  change  was  possible  between  the 
time  of  i)reparation  of  the  material  and  its  deposition  is  manifest  from 
the  very  considerable  geographic  change  which  brought  a  part  of  the 
pre-Newark  land  surface  to  the  condition  of  an  area  of  deposition. 

Barren  shales. — On  the  western  margin  of  the  area  a  series  of  shales 
is  exposed  on  the  west  bank  of  Jones  Creek,  near  the  James  River. 
From  their  position,  with  reference  to  the  bowlder  beds  and  the  Corn- 
wallis  Hill  fault  block,  it  is  inferred  that  these  shales  underlie  the  coals 
which  outcrop  on  the  east  of  that  disturbed  section.  The  strata  meas- 
ured in  the  road  are  as  follows : 


Section  near  Boscabel  Ferry on  Jones  Creelc. 


Strata. 


Thickness. 


Ft.  In. 
70  0 


Total 


Clay,  brownish  and  whitish  

Shale,  carbonaceous  , 

Clay,  gray,  decomposed  shale  

Sandstone,  brown  

Shale,  shxte-colored  

Shale,  brown  and  gray,  laminated  I  14 

Shale,  brown  I  8 

Sandstone  

Shale,  brown  

Sandstone,  red  , 

Shale,  brown  

Sandstone,  red  

Shale,  brown  j     36  0 

Sandstone   9  0 


0 
0 
0 
0 
0 

8  0 

0  6 
10  0 

6  0 
16  0 

6  0 


215  6 


3  R.  D.  Oldham,  A  Manual  of  the  Geology  of  India,  2d  ed.,  Calcutta,  1893,  p.  201.  Also  Green,  Quart. 
Jour.  Geol.  Soc,  Vol.  XLIV,  1888,  p.  244. 
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This  section  dips  20°  W.  The  base  is  uot  seen,  but  tlie  upper  tilted 
surface  of  tlie  Ooruwallis  Hill  fault  block  rises  up  out  of  the  creek  on 
the  east  side  of  the  stream,  so  that  this  section  is  near  the  local  base  of 
the  Newark. 

Southward,  in  the  Turkey  Branch  section,  where  the  coal  measures 
appear  to  fail  or  to  be  represented  only  by  red  and  green  shales,  the 
lower  beds  of  the  Newark  are  decidedly  of  a  local  character,  showing  in 
a  marked  way  their  derivation  from  the  neighboring  gneisses.  White 
clays  and  thin  layers  composed  of  angular  fragments  of  gneiss  occur. 
Still  farther  south,  in  the  sections  exposed  on  the  approaches  to  the 
Goodo  and  Bevil  road  bridges,  on  the  Appomattox,  the  basal  beds  of 
the  Newark  are  clays  and  sands — decomposed  rocks — without  trace  of 
carbonaceous  material.  In  these  localities  the  lower  barren  beds, 
which  rest  directly  on  the  gneiss,  exceed  50  feet  in  thickness. 

THE  COAL  MEASURES. 

The  term  coal  measures,  as  applied  to  the  Eichmond  basin,  is  used  in 
the  sense  of  a  group  of  coal-beai  ing  strata  of  variable  thickness  lying 
at  or  near  the  base  of  the  Newark  section,  but  being  usually  separated 
from  that  base  by  the  stratified  rocks  already  described.  The  areas  in 
which  these  coal  beds  may  be  seen  are  restricted  to  the  margins  of  the 
area  or  to  the  detached  tracts  which  occur  on  the  east  of  it. 

THE  OLD  WORKINGS. 

The  coal  measures  are  best  known  from  the  old  workings  on  the 
eastern  margin.  From  the  published  accounts  of  the  sections  exposed 
in  these  mines,  it  is  clear  that  usually  three  and  sometimes  five  beds  of 
coal  are  met  with,  separated  by  beds  of  sandstone  and  shale.  The 
upper  of  these  seams  has  usually  been  found  to  be  the  thickest,  the 
estimates  varying  from  30  and  40  feet  in  the  old  workings  about  Mid- 
lothian down  to  5  and  8  feet  at  other  points.  From  the  vicinity  of 
Midlothian  northward  to  Gayton  (Edge  Hill  or  Carbon  Hill  of  the  old 
reports)  this  uppermost  bed  is  wholly  or  partly  converted  into  coke 
from  the  proximity  of  igneous  rock.  At  Dover,  on  the  western  margin, 
Lyell  states  there  was  an  upper  bed  of  coal  10  feet  thick,  with  two  thick 
beds  below. 

7V/r  Raccoon  shaft. — The  accompanying  plate,  reproduced  from  a  pai)er 
by  Mr.  (Jlittbrd,  sets  forth  all  the  known  information  concerning  the 
abandoned  Raccoon  shaft,  on  the  eastern  margin,  near  the  Appomat- 
tox River  (see  PI.  XXIV).  The  middle  seam  in  this  section  is  the 
thickest,  the  coal-bearing  beds  being  comprised  within  100  feet  of  strata. 
The  pinches  or  rolls  where  the  basement  rock  takes  the  place  of  the  coal 
beds  is  well  shown  in  the  section.  A  similar  disturbance  of  the  section 
was  observable  in  a  slope  driven  through  the  old  workings  of  the  Cox 
shaft  at  Winterpock  in  ISOG. 

r/nrfffs  coke  shaft. — The  section  at  Jewett's  coke  shaft,  near  Midl(»- 
thian,  not  now  accessible,  was  studied  by  Cli fiord,  who  gave  the  section 
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represented  in  PI.  XXY,  reproduced  from  liis  paper.  He  also  gave  a 
plan  showing  the  relations  of  the  Blackheath  field  to  the  main  basin 
(PI.  XXV)  and  a  section  of  the  Blackheath  district.  Explorations 
made  during  the  progress  of  the  present  survey  showed  that  the  thick 
coal  seam  of  this  tract  is  brought  against  the  granite  on  the  north  end 
by  a  fault,  and  that  there  is  a  thin  seam  of  coal  below  the  main  bed, 
separated  from  it  by  a  few  feet  of  shale,  which  rock  again  intervenes 
between  this  coal  bed  and  the  granite. 

Tlie  Salle  and  Burfoot  tracts. — Three  beds  were  encountered  in  the 
Salle  and  Burfoot  tracts,  the  uppermost  being  converted  into  coke. 
According  to  Lyell,  this  tract  afforded  a  seam  of  coal  30  feet  thick  at  its 
outcrop.  Between  the  coal  and  the  granite  were  200  feet  of  strata  con- 
taining two  beds  of  coal,  the  upper  3  and  the  lower  about  1  foot  thick. 

Special  mai)  of  the  Midlothian  district. — The  accompanying  map  of  the 
Midlothian  district  (PI.  XX YI)  was  prepared  to  show  the  position  of 
the  outlying  basins  of  that  part  of  the  area  and  to  exhibit  the  position 
of  the  coal  beds.  In  part  the  tracing  of  the  outcrop  of  the  coal  is  based 
upon  old  surveys.  The  extension  of  the  main  seam  of  coal  from  the 
region  bordering  the  James  Kiver  into  the  region  of  Falling  Creek  has 
not  been  demonstrated.  It  is  possible  that  the  failure  to  reach  coal  in 
that  part  of  the  field  is  due  to  a  coating  of  post-Xewark  deposits  which 
cap  the  ridge  dividing  the  waters  of  Falling  Creek  from  the  James 
Eiver.  Xone  but  shallow  pits  have  been  sunk  in  this  part  of  the  field. 
Properly  directed  boring  at  points  a  few  hundred  yards  west  of  the 
bank  marking  the  supposed  outcrop  of  the  coal-bearing  horizon  would 
explore  a  portion  of  the  old  marginal  coal  field  as  yet  untouched. 

The  Manakin  mines.^ — At  Manakin,  on  the  western  margin  north  of 
the  James  River,  very  extensive  operations  were  carried  on  after  the 
civil  war,  and  shafts  were  sunk  to  depths  of  300,  400,  and  even  900  feet. 
Three  seams  were  found,  the  first  6  to  8  feet^  the  second  12  feet,  and 
the  third  3  to  4  feet  thick,  and  of  good  quality.  The  dips  varied  from 
25^  to  00^,  being  steeper  than  on  the  east  side  and  frequently  compli- 
cated by  faults.  The  900-foot  shaft  failed  to  strike  the  coal  and  the 
company  abandoned  work. 

Scottj  N^orivood,  and  Old  Dominion  j^its. — South  of  the  James,  on  the 
western  border,  three  seams  of  coal  have  been  recognized,  coal  having 
been  taken  out  from  the  Scott  pits,^  the  Xorwood  pits,  and  the  Old 
Dominion  pits. 

FOSSILS  OF  THE  COAL  MEASURES. 

The  fossil  plants  of  the  Richmond  area  have  been  thoroughly  studied 
and  illustrated  by  Professor  Fontaine,'*  and  for  information  concerning 
them  the  reader  is  referred  to  his  monograph  and  the  later  writings  of 
Professor  Russell."^ 

1  From  notes  furnished  by  Dr.  J.  E.  Wollf. 

2 John  Bladen:  [Report  of  the]  Powhatan  Coal  Company  (1865),  p.  8.    This  report  gives  a  section 
of  the  strata  encountered. 
3Mou.  TJ.  S.  G©ol.  Survey,  Vol.  YI,  1883. 
4 Bull.  U.  S.  Geol.  Survey  No.  85,  Washington,  1892. 
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The  following  notes  set  forth  the  observations  made  during  the 
present  survey  upon  the  occurrence  of  fossils,  heretofore  undescribed, 
in  the  coal  measures  of  the  area.  Other  memoranda  will  be  found 
under  the  head  of  the  grouj)  of  rocks  with  which  the  fossils  are  asso- 
ciated. 

PLANTS. 

The  following  fragments  of  plants  were  collected  by  J.  B.  Woodworth 
about  the  old  workings  in  Midlothian:  Impressions  of  the  stems  of 
cycadean  plants  similar  to  forms  described  by  Emmons  from  North 
Carolina;  the  fruit  of  a  cycad,  Zamiastrobus,  similar  to  that  figured  by 
Ebenezer  Emmons  from  North  Carolina;  a  bivalvular  seed  vessel,  about 
the  size  of  a  cherry  stone,  stated  by  Knowlton  to  be  a  Cardiocarpon. 

CoaJ-malcing  vegetation. — No  recent  microscopic  study  has  been  made 
with  a  view  to  determine  the  nature  of  the  plants  from  which  the  coal 
beds  of  the  Newark  were  formed.  The  species  fossilized  in  the  shales 
above  these  deposits  do  not  afford  trustworthy  evidence  as  to  those 
which  formed  the  peat.  Lyell  ^  states,  on  the  authority  of  Hooker,  who 
examined  specimens  ,  from  mines  no  longer  open,  that  vegetable  struc- 
ture was  discernible.  This  statement  may  be  accepted  as  well  founded. 
The  generally  close  resemblance  of  these  coals  in  chemical  composition 
to  those  of  the  Carboniferious  period  suggests  that  the  plants  from 
which  they  were  formed  may  well  have  been  those  of  the  same  groui)S 
mostly  related  to  the  mosses  and  ferns. 

The  prevailing  small  amount  of  ash  in  the  Richmond  Basin  coals  is 
evidence  that  the  ancient  swamps  were  so  conditioned  that  they  were 
exempt  from  the  influences  of  river  overflows,  for  such  incursions  of 
muddy  waters  would  greatly  change  their  character.  It  attbrds  a  fair 
presumption  that  these  marshes  were  of  large  area. 

ANIMALS. 

The  fish  beds. — The  remains  of  fishes  were  early  reported  from  the 
mines  for  coal  on  the  eastern  margin  of  the  Kichmond  area.  Sir  Charles 
Lyell^  collected  these  fossils  at  Midlothian  on  his  visit  of  1«S41  and 
subseiiueutly  described  Dictijopiige  macrnra  and  a  species  which  lie 
referred  to  Tetragonolepis,  Of  the  correctness  of  this  latter  determina- 
tion, Newberry^  has  since  expressed  some  doubt. 

Fish  beds  were  met  with  a  few  years  ago  in  sinking  the  new  shaft 
near  the  P^tna  mine,  just  north  of  the  Kichmond  and  Danville  Railroad 
at  Midlothian.  In  181)6  work  upon  this  shaft  had  ceased  and  there  was 
no  means  of  determining  the  stratigra])hic  relations  of  the  lish-bear- 
ing  layers  to  the  Newai  k  section. 

The  flsh  beds  at  Midlothian,  as  exhibited  on  the  ?]tna  shaft  dnm}), 
are  hard,  even,  and  thinly  laminated  pelites  or  shales  oi*  black  color 

'Quart.  Jour.  Geol.  Sor.  Loudon.  Vol.  Ill,  1847.  p.  268. 
»Ibifl..  pp.  27(3.  277. 

'Mou.  U.  S.  (ieol.  Survey,  \'ol.  XI  V,  l.-(88,  j).  20.  lu  this  voIuuk!,  rutilli-d  Fo.ssil  Fislirs  au<l  Fossil 
riant.s  of  the  Tria.isic  Kock^  of  X»?w  Jersey  iuul  the  Conin*cti<Mit  Valley,  Prof.  Newberry  figured  a 
Diclynpyijf  macnirn  from  rjovrr  H ill,  Vir^iu ia,  on  PI.  XVIII,  lii^s.  1  ami  'J. 
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and  highly  bituminous.  The  remains  of  ganoid  lishes  are  abundantly 
scattered  through  the  layers,  and  where  the  entire  fishes  do  not  occur 
their  scales  are  sometimes  so  numerous  on  the  parting  planes  as  to 
give  the  rock  the  appearance  of  a  dark  micaceous  schist.  Small  fish 
bones  are  also  commonly  found  with  these  scattered  scales. 

Small  blocks  of  strata  at  this  locality  showed  fragments  of  a  layer 
about  4  inches  thick  entirely  made  up  of  these  ganoid  fish  scales  and 
bones.  The  following  analysis  of  the  material  was  made  in  the  labora- 
tory of  the  Survey. 

Analysis  of  fish-scale  bed  at  Midlothian,  Virginia. 
[By  Geo.  Steiger.] 


Constituent. 


Insoluble  in  dilute  HCl  and  HNO:,  

AI0O3   

FeaOs  

CaO  

F,0,  

CO2  

S.  as  sulphides  

If  S  be  all  combined  with  the  Fe,  it  equals  FeS. 


Per  cent. 


10. 69 
4.  73 
8.  84 

29.  30 

22.02 
1.44 
6.  68 

14. 32 


This  bed  therefore  contains  about  50  per  cent  of  phosphate  of  lime, 
but  on  account  of  other  ingredients  is  of  doubtful  value  as  a  fertilizer. 
The  content  of  sulphur  probably  combined  in  the  form  of  sulphide  of 
iron  is  so  high  as  to  diminish  the  value  of  the  lime  phosphate.  At 
Midlothian  the  pyritiferous  shales  are  said  to  ''burn  up"  the  vegetation. 
It  may  be  noted  in  this  connection,  as  having  a  bearing  on  the  caustic 
properties  of  the  soils  in  the  belt  under  discussion,  that  in  the  case  of  a 
box  of  specimens  shipped  from  this  region  in  June,  1896,  the  materials 
were,  when  opened  in  September,  unidentifiable  for  the  reason  that  the 
labels  and  paper  wrapping  had  been  destroyed  by  the  chemical  action 
of  the  soil  water  coming  from  the  rocks  and  clays. 

Scattered  in  the  layers  with  the  distinct  fishes  are  rounded  or  ovoid 
masses  composed  of  aggregates  of  ganoid  scales  and  having  a  diameter 
of  from  1  to  4  inches.  Similar  masses  of  fish  scales  have  been  reported 
by  C.  T.  Jackson^  from  the  Carboniferous  beds  of  Hillsboro,  New 
Brunswick.  He  suggested  that  these  masses  were  accumulated  by  the 
action  of  eddies  and  whirls.  Dr.  Gould  thought  they  were  the  contents 
of  the  stomachs  of  fishes. 

The  occurrence  of  these  balls  in  the  even  lamination  of  clays  suggests 
that  -they  were  not  formed  by  current  action,  else  the  bedding  of  the 
clays  would  also  exhibit  signs  of  the  currents.  The  scales  frequently 
exhibit  a  concentric  arrangement,  and  cases  have  been  observed  where 


iProc.  Boston  Soc.  Nat.  Hist.,  Vol.  IV  1854,  p.  66. 
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a  group  of  scales  retain  the  order  of  growth  as  if  held  together  at  the 
time  of  burial  by  iutegumentary  shreds. 

The  fish-scale  layer  before  described  appears  to  be  but  a  more  com- 
plete collection  of  these  particles  than  that  in  the  isolated  balls.  While 
these  rounded  masses  suggest  a  coprolitic  origin  alone,  there  is  little  in 
the  widespread  distribution  of  the  material  in  the  sheet  form  by  which 
to  discriminate  between  the  accumulations  of  current  sweepings  and 
the  bottom  debris  of  the  feeding  grounds  of  predaceous  fishes  or 
reptiles.  It  remains  to  note  that  the  occurrence  of  fish  beds  has  been 
taken  as  evidence  of  the  withdrawal  of  water  from  a  restricted  basin 
occupied  by  the  fish,  of  the  occurrence  of  an  earthquake  shock,  or  of 
the  poisoning  of  the  fish  by  the  emanation  of  deleterious  substances,  as 
in  volcanic  eruptions.  While  these  causes  may  explain  the  death  of  fish 
in  large  numbers,  it  is  not  usually  possible  to  find  the  evidence  which  sup- 
ports the  conclusion  that  any  particular  one  of  these  agencies  operated 
in  a  given  instance.  Considering  the  hardness  and  durability  of  ganoid 
scales,  it  is  not  improbable  that  these  gatherings  represent  the  death 
and  dissolution  of  the  bodies  of  these  fishes  throughout  a  considerable 
lapse  of  time.  Thus  what  at  first  sight  appears  to  demand  a  catastro- 
phic interference  in  the  aquatic  life  of  the  Eichmond  basin  may  really 
be  but  one  of  the  effects  of  its  normal  development.  There  may  well  be 
noted  here  the  '-bone-bed"  in  Europe  at  the  top  of  the  Trias  in  black 
shales  of  Khetic  age.^ 

Associated  with  the  globular  masses  of  fish-scales  are  flattened 
patches  of  a  black  bituminous  substance,  with  a  subconchoidal  frac- 
ture. A  black  substance  named  ''molluskite^^  was  described  by  G.  A. 
Mantell  -  as  occurring  with  the  phosphatic  nodules  of  the  Upper  Green- 
sand  of  England. 

The  English  substance  is  believed  to  be  i)hosphatized  animal  matter. 
The  discussion  concerning  its  origin  is  referred  to  by  Penrose.^  The 
material  from  Midlothian  decrepitates  before  the  Bunsen  burner,  and 
bums  with  difficulty. 

The  horizon  of  the  fish-bearing  bed  was  not  ascertainable  at  the  time 
of  our  visit.  Fish-bearing  shales  are  found  in  all  the  workings  on 
the  eastern  border,  and  the  waste  about  the  old  mines  in  the  western 
part  of  the  field  exhibits  scales  apparently  of  the  same  ganoids.  The 
scales  are  generally  black,  shining  flakes,  though  rarely  of  a  light- 
bluish  color. 

Mr.  Oscar  Heinrich,  wlio  gave  an  a(;count  of  the  sinking  of  a  deep 
shaft  at  Midlothian,  reported  evidences  of  these  fishes  at  several  hori- 
zons. Sir  (Jharles  Lyell,  who  visited  the  eastern  border  when  the  mines 
were  more  accessible  tlian  now,  j)laced  the  fossil  fish  horizon  in  tlie 
upper  part  of  the  lower  Newark  in  a  set  of  beds  from  400  to  .">00  feet 

•  A.  (;oikip,  Text-book  of  Geology,  thinl  cd..  18!t3,  pp.  8G6-8G7. 
2  M<  d;il9  of  Creation,  Vol. I  ,  Lf>n<Ion.  first  vaI.,  1K44,  p.  432. 

-Nalur*'  nrul  origin  of  •h-ftositH  of  phospbato  of  lime:  Hull  U.  S.Gcol.  Survey  No.  4G,  1888,  pp.  87-89. 
19  GEOL,  1>T  'J  28 
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thick,  having  the  coal  beds  at  their  base.  At  present  there  is  not 
enough  known  concerning  their  distribution  to  warrant  the  use  of  these 
vertebrates  in  identifying  or  distinguishing  local  deposits  in  this  small 
area.  In  a  well  at  Hallsboro,  Mr.  H.  G.  Myers  found  greenish-gray 
shales  carrying  Tetragonolepis  ( •?).  These  beds  are  probably  beneath 
the  horizon  of  the  Otterdale  sandstones;  further  than  this  it  is  impos- 
sible to  make  a  definite  statement  in  regard  to  tlieir  stratigraphic 
position. 

The  thin  lamination  of  the  fish-bearing  shales  in  the  lower  part  of 
the  Newark  section  in  this  area  suggests  lacustrine  conditions  during 
their  deposition.  But  even  if  the  layers  were  deposited  at  the  bottom 
•of  standing  water,  their  occurrence,  where  they  bear  the  footprints  of 
small  batrachians  or  reptiles,  shows  that  the  depth  of  water  was  so 
slight  at  times  as  to  permit  the  baring  of  the  bottom  to  the  tread  of 
wandering  quadrupeds. 

Footprints  of  batrachians. — As  above  noted,  tracks  of  batrachians,  or 
possibly  in  some  cases  of  reptiles,  occur  on  the  surfaces  of  certain 
layers  of  the  thin  laminated  shales  in  which  the  ganoids  are  found  at 
Midlothian.  Some  of  these  tracks  are  represented  in  the  annexed 
figures.  The  footprints  are  crowded  together  in  great  numbers,  and 
exhibit  two  dominant  types,  one  resembling  Cheirotherium,  but  much 
smaller  than  the  forms  commonly  figured  from  the  European  Trias,  the 
other  lizard-like  in  the  flexible  digits  and  the  joints  (see  fig.  90).  All  of 
the  tracks,  where  well  shown,  exhibit  more  than  three  digits. 


1  J 

Fig.  90. — Batracbian  footprints  from  the  laminated  shales  of  the  Etna  shaft  at  Midlothian,  Virginia; 
natural  size.  Two  of  the  upper  figures  show  forms  allied  to  Cheirotherium;  below  are  irregular  and 
probably  partial  impressions  of  the  feet  of  unknown  generic  afiinities ;  a,  fore  foot  of  a  living  toad. 

The  bearing  of  these  track-covered  layers  on  the  depth  of  water  in 
which  the  laminated  shales  were  laid  down  has  already  been  noted. 
The  absence  of  larger  forms  may  probably  be  ascribed  to  the  occurrence 
of  widespread  and  deep  mud  banks  on  which  the  larger  forms  of  quad- 
ruped life  could  not  tread  without  risk  of  becoming  mired.  An  apparent 
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exception  to  this  condition  is  found  in  the  case  of  a  single  slab  found 
on  the  dump  of  the  Jewett  coke  shaft  at  Midlothian,  which  exhibits  the 
rude  impression  of  a  somewhat  short  three-toed  foot,  with  strong  nail 
marks.  Here,  as  in  the  case  of  the  small  tracks  found  on  the  dump  of 
the  Etna  shaft,  the  precise  position  of  the  track  layers  with  reference 
to  the  coal  is  not  known,  though  the  testimony  of  old  observers  in  these 
mines  would  indicate  that  the  track  layers  occur  above  the  coal  seams. 

Annelid  burrows. — Annelid  burrows  of  cylindrical  form  occur  in  a 
light  greenish-gray  shale  at  Midlothian  in  the  refuse  from  an  old  mine. 
The  casts  are  about  5  mm.  in  diameter.  Their  surface  is  marked  by 
roughly  longitudinal  but  occasionally  decussating  raised  lines,  giving 
the  cast  the  appearance  of  cord  of  coarsely  woven  strands.  These 
little  ridges  are  about  3  mm.  in  length.  They  are  probably  the  imjires- 
sions  of  appendages.  The  casts  lie  mainly  in  the  bedding,  but  a  bur- 
row will  suddenly  pass  upward  or  downward  across  the  laniinai  or 
become  sharply  recurved  on  itself  in  a  vertical  iMane.  The  filling  is 
not  distinguishable  from  the  matrix  of  the  burrows. 

THE  CHESTERFIELD  GROUP. 
THE  VINITA  BEDS  (ESTHERIA  BEDS). 

Lying  above  the  sections  encountered  in  the  old  workings  on  the 
eastern  margin  of  the  Kichmond  area  is  a  group  of  arkose  beds  with 
black  shales,  the  latter  containing  great  numbers  of  the  flattened  shells 
or  impressions  of  Estheria.  Although  these  fossils  are  perhaps  not 
more  abundant  in  this  group  of  rocks  than  in  particular  zones  in  the 
underlying  coal  measures,  they  are,  so  far  as  the  scanty  exposures 
show,  the  principal  organic  feature  of  a  thick  section  of  strata  over- 
lying the  coal  beds.  These  beds  occur  in  the  bluffs  on  both  sides  of 
the  James  Riv^er.  The  Estheria-bearing  shales  may  be  seen  cropping 
out  in  numerous  alternations  with  sandy  layers  on  the  eastern  slope  of 
Goat  Hill,  near  Yinita,  between  that  part  of  the  bluff  on  the  James 
River  and  Manikin,  where  the  underlying  coal  measures  come  to  the 
surface.  The  Xewark  strata,  in  the  area  north  of  the  James  and  lying 
above  the  coal  measures,  appear  to  be  restricted  to  this  group  of  rocks. 
The  shales  may  be  seen  again  south  of  the  James,  on  Little  Tomahawk 
Creek,  and  in  outcrops  south  of  this  stream,  at  distances  of  from  li  to 
2  miles  from  the  east(;rn  border. 

Tlie  sandstones  of  this  group  are  often  heavy  bedded.  They  are 
white  where  not  colored  by  iron  oxides  due  to  recent  surface  changes. 
The  thickness  of  the  formation  is  not  accurately  determinable,  but  may 
be  provisionally  stated  as  2,000  feet. 

OTTERDALE  SANDSTONES  ( ARAUCARIOXVLON  BEDS). 

Petrified  wood. —  In  the  vicinity  of  Otterdale,  in  a  broad,  shallow 
trough  in  the  central  i)art  of  tlie  basin  soutli  of  the  James  liiver,  and 
consequently  near  the  summit  of  the  section  which  still  remains  in  the 
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Eiclimoud  area,  is  a  thick  series  of  sandstones,  usually  of  coarse  tex- 
ture, in  which  prostrate  trunks  and  fragments  of  petrified  trees  are 
abundant.  These  trees  have  been  referred  by  Prof.  F.  H.  Knowlton  to 
the  genus  Araucarioxylon.  In  this  series  of  beds,  but  apparently 
higher  up,  are  traces  of  lignites  in  clays.  The  thickness  of  the  group 
may  be  estimated  as  500  feet. 

The  occurrence  of  petrified  wood  in  the  Eichmond  Basin  is  a  well- 
known  phenomenon  to  the  inhabitants,  fragments  of  the  material  being 
generally  called  "fossil  hickory,"  on  account  of  a  supposed  resemblance 
of  the  silicified  structure  to  the  wood  of  that  tree.  Professor  Fontaine  ^ 
mentions  the  occurrence  of  this  petrified  wood,  and  it  was  noticed 
earlier  by  ^Tuttall.  NuttalP  reported  finding  a  i3iece  of  petrified  wood 
east  of  Midlothian  in  the  region  of  granites. 

Broken  pieces  of  fossil  wood  are  found  in  the  sandstone  beds  on  the 
eastern  and  western  margins  of  the  Eichmond  area  in  a  stratigraphic 
position  clearly  lower  than  that  of  the  beds  here  termed  Otterdale 
sandstones,  thus  indicating  a  considerable  vertical  range  of  the  silici- 
fied material.  How  much  above  the  present  surface  some  of  the 
specimens  may  have  been  originally  embedded  is  not  certain  in  the 
case  of  the  loose  material.  Angular  fragments  of  the  silicified  wood 
are  occasionally  found  in  the  feldspathic  sandstones  along  the  western 
border.  These  pieces  were  probably  transported  as  lignite,  and  have 
been  since  silicified.  Instances  occur  where  the  silicification  of  lignite 
has  not  been  complete.'' 

In  the  region  about  Otterdale,  on  either  side  of  Swift  Creek,  prostrate 
trunks,  from  15  to  25  feet  or  more  in  length,  having  a  diameter  of  from 
2  to  4  feet,  may  be  seen.  One  of  the  longest  of  these  trees  lies  across 
the  public  road  about  1  mile  southwest  of  Otterdale.  A  view  of  this 
fossil  log,  as  partially  exhumed  in  1897,  is  shown  in  the  accompanying 
illustration  (PL  XXVII). 

Professor  Knowlton's  report  on  these  trees  and  on  the  lignites,  next 
to  be  described,  will  be  found  in  an  apj)endix  to  this  paper. 

Lignite  (jet)  beds, — A  few  years  ago  a  prospect  hole  sunk  on  the 
northeast  side  of  Xysons  Branch,  in  the  central  part  of  the  basin, 
along  one  of  the  small  tributaries  of  that  stream,  near  its  junction  with 
Swift  Creek,  encountered  a  bed  of  light-colored  clay  containing  scat- 
tered fragments  of  a  jet-like  lignite.  This  material  occurs  in  j^ieces  of 
various  sizes,  mostly  small  chips,  but  often  as  large  as  a  man's  hand. 
It  is  jet  black,  breaks  with  a  clean,  smooth,  mirror-like  cross  fracture, 
and  flies  off  in  small  bits  when  cut  with  a  sharp  knife,  leaving  minute 
surfaces  of  conchoidal  fracture.  In  the  opinion  of  an  expert  in  the 
employ  of  a  well-known  jewelry  firm  in  Boston,  this  material  is  a  jet  of 
fair  quality. 

1  Mon.  IT.  S.  Geol.  Survey,  Vol.  VI,  1883,  p.  6. 

2  Observations  on  the  geological  structure  of  the  valley  of  the  Mississippi :  Jour.  Phila.  Acad.  IsTat. 
Sci.,  Vol.  II,  Part  1, 1821,  pp.  14-52. 

3 On  the  silicification  of  wood  and  lignite,  see  T,  Sterry  Hunt:  Smithsonian  Keport  for  1882,  Wash- 
'ington,  1884,  pp.  344-345. 
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The  fragments  of  jet  are  compressed  limbs  or  branches  and  parts  of 
the  trunks  of  trees.  According  to  the  determination  of  Professor 
Knowlton,  who  examined  sample  specimens,  this  jet  is  a  coniferous 
wood  of  the  genus  Araucarioxylon.' 

The  occurrence  of  lignite  in  tbe  upper  strata  of  the  Richmond  Basin 
is  briefly  noted  by  Professor  Fontaine;  but  as  yet  practically  nothing 
is  known  of  its  distribution  beyond  the  locality  here  described. 

UPPERMOST  BEDS  IN  THE  RICHMOND  AREA. 

The  question  of  the  highest  strata  in  the  section  of  the  Richmond  Basin 
is  involved  in  theoretical  considerations  which  depend  upon  the  possible 
occurrence  of  faults.  In  the  southwestern  part  of  the  area,  where 
westerly  dips  prevail  quite  up  to  the  western  border,  it  is  not  imi)ossible 
that  beds  exist  lying  stratigraphically  higher  than  those  included  in  this 
paper  under  the  head  of  the  Otterdale  sandstones.  The  reddish  color 
of  certain  beds  in  this  part  of  the  area  and  slight  differences  which 
serve  to  indicate  a  different  grouping  of  strata  are  suggestive  of  a 
later  horizon.  The  faulted  structure  of  this  part  of  the  basin,  how- 
ever, coupled  with  the  insufficient  exposures  of  a  wooded  district,  make 
a  definite  statement  with  regard  to  a  higher  group  of  beds  in  the  pres- 
ent state  of  our  knowledge  impossible.  It  is  evident  that  a  great 
thickness  of  strata  has  been  carried  away  from  this  i^^ewark  area,  and 
we  are  prepared  to  find  that  patches  of  sand  and  shales,  covering  the 
Otterdale  sandstones,  occur  in  downfaulted  portions  of  the  area  south 
of  the  James  River. 


THE  SEDIMENTARY  SUCCESSION  IN  THE  RICHMOND  BASIN. 

There  are  three  orders  of  gradation  in  the  vertical  arrangement  of 
sediments:  (1)  from  coarse  sediments  at  base  to  fine  at  top,  (2)  from 
fine  sediments  at  base  to  coarse  at  top,  (3)  mixed  conditions,  in  which 
the  order  is  reversed  after  a  partial  arrangement  of  the  sediment  in 
accordance  with  one  of  them,  or  in  which  the  rei)etition  of  an  order  is 
discernible. 

The  first  of  these  cycles  of  sedimentary  arrangement  is  characteristic 
of  great  marine  formations,  or  of  areas  of  deposition  with  sinking  shore 
line  and  overlap.  Not  only  the  sedimentary  succession  but  the  organic 
contents  of  the  Richmond  Basin  show  that  this  area  has  not  passed 
through  this  history. 

The  second  of  these  cycles  is  characteristic  of  Huviatile  and  lacus- 
trine areas.  The  great  bodies  of  shale  in  the  Richmond  Basin  are  near 
the  base;  the  bulk  of  tlie  sandstones  and  coarse  members  occur  high 
up  in  th(i  section.  The  general  change  in  the  sediments  is  from  fine 
below  to  coarse  above. 


'See  report  a<  (()irip;in\ iii<;  tliis  paper,  p.  51G. 
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SOURCE  OF  THE  SEDIMENTS. 

There  are  several  groups  of  deposits  iu  the  Eicbmond  Basin  whose 
component  particles  have  a  bearing  on  the  source  of  the  detritus.  The 
first  of  these  deposits  in  the  order  of  occurrence  is  that  of  the  basal 
bowlder  bed  before  described  as  existing  in  i^atches  aloug  the  western 
border  of  the  area.  A  second  class  of  sediments,  by  bulk  of  more 
importance  than  the  first  named,  is  found  in  the  arkose  or  ''granitic 
sandstone"  which  forms  so  large  a  part  of  the  section.  A  third  line  of 
evidence  exists  in  the  feebly  developed  conglomerate  beds  which  occur 
here  and  there  at  horizons  far  above  the  base  of  the  section. 

In  discussing  the  origin  of  these  sediments  it  should  be  borne  in 
mind  that  the  geography  of  that  time  has  been  so  far  changed  that  it 
is  as  yet  a  matter  of  doubt  whether  this  area  was  connected  with  other 
Kewark  areas  or  not.  On  the  supposition  that  Newark  strata  covered 
all  or  even  a  large  part  of  the  area  within  the  limits  of  which  the 
present  patches  lie,  it  would  follow  that  the  sediments  in  the  original 
Kewark  area  above  the  lower  or  first-formed  strata  must  have  been 
imported  from  outside  of  the  tract  thus  covered.  To  suppose  the 
derivation  of  any  given  kind  of  fragmentary  materia],  therefore,  from 
those  outcrops  of  the  rock  which  are  nearest  at  the  present  day  is  an 
assumption  in  making  which  it  is  necessary  to  concede  that  the  rocks 
exposed  at  the  i)resent  land  surface  may  have  failed  to  appear  at  the 
original  i^ewark  surface.  This  is  a  limitation  applicable  to  the  more 
remote  of  the  granitic  masses  on  the  eastern  margin  of  the  Eichmond 
area  as  it  exists  to-day.  In  referring  fragmental  materials  to  adjacent 
terranes,  it  is  obvious  that  those  particles  which  are  in  or  near  the 
base  of  the  Richmond  Basin  are  more  likely  to  have  been  derived  from 
a  source  near  where  they  lie  than  those  which  occur  higher  up  in  the 
same  geologic  section.  As  sedimentation  in  the  area  advanced,  its 
margins  would  have  extended  by  overlap  upon  the  area  of  erosion, 
shutting  off  sources  of  sediments  before  available.  With  these  con- 
siderations in  mind  we  may  now  turn  to  the  available  evidence  for  a 
determination  of  the  source  of  detritus  in  the  Richmond  area. 

The  bowlder  deposits  of  both  the  western  and  the  eastern  margins 
evidently  came  from  near-by  sources.  This  is  particularly  true  on  the 
western  side  of  the  area.  Here  bowlders  of  gneiss  predominate  and 
they  rest  upon  a  gneissic  terrane.  On  the  east  granitic  bowlders  and 
pebbles  have  been  observed,  and  the  basement  terrane  of  the  iTewark 
is  largely  granitic. 

The  general  absence  of  gneissic  bowlders  along  the  eastern  margin, 
as  in  the  vicinity  of  Midlothian,  where  granitic  waste  enters  into  the 
basal  beds,  while  negative  in  its  evidence,  since  the  granite  probably 
extends  to  the  west  as  well  as  to  the  east  of  the  point  where  the 
deposits  have  been  studied,  assumes  some  significance  when  the  pres- 
ence of  occasional  granitic  fragments  on  the  western  border  is  taken 
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into  account.  Here,  however,  it  is  necessary  to  remark  that  the  possi- 
bility of  derivation  of  these  granitic  bowlders  from  areas  of  granite  on 
the  western  side  of  the  x)resent  liichmond  area  can  not  be  denied.  So 
far  as  the  evidence  goes,  it  seems  likely  that  the  drift  of  the  coarse 
materials  at  the  base  of  the  formation  may  have  been  from  the  east 
toward  more  westerly  sites.  This  supposition  concerns  the  movement 
of  the  gneiss  blocks  on  the  western  side  as  well  as  the  granitic  bowlders. 
The  line  of  contact  of  the  granites  on  the  east  with  the  gneisses  on  the 
west  is  somewhere  beneath  the  middle  of  the  basin,  perhaps  to  the  east 
of  the  center.  It  is  permissible  to  suppose,  therefore,  that  the  gneissic 
bowlders  on  the  western  margin  may  have  come  from  points  east  of 
their  present  position. 

The  meridional  component  in  the  movement  of  the  detritus  at  the 
base  of  the  Newark  section  is,  as  the  following  explanation  is  intended 
to  show,  readily  ascertainable.  The  granitic  mass  which  is  about 
central  at  Midlothian  is  replaced  by  gneisses  toward  the  northern  and 
southern  ends  of  the  basin.  In  the  northern  part  of  the  basin,  at  Coal 
Hill,  where  the  coal  measures  repose  on  the  gneisses,  the  Newark  beds 
are  conglomeratic,  with  rolled  cobbles  of  granite.  Assuming  that  these 
pebbles  came  from  tbe  granitic  batholite  on  the  east  of  the  Richmond 
area,  there  is  indicated  a  northward  movement  of  the  detritus,  however 
far  it  may  have  traveled  to  the  west.  There  are  at  i)resent  no  facts 
known  from  tbe  southern  part  of  tbe  eastern  border  bearing  on  the 
question  of  the  movement  of  detritus. 

Tbe  second  group  of  phenomena  bearing  on  the  source  of  the  detritus — 
that  found  in  the  beds  of  arkose — is  decidedly  in  favor  of  the  deriva- 
tion of  these  dei)osits  from  the  granitic  terrane  on  the  east.  Arkose 
and  sandstones  composed  of  more  or  less  waterworn  grains  of  feldspar 
and  quartz  occur  throughout  those  x)ortions  of  the  Xewark  strata  which 
now  remain  in  this  area.  Toward  the  base  of  the  formation  the  deri- 
vation of  the  feldspar  from  the  coarsely  porphyritic  granitites  which 
occur  in  the  vicinity  of  IMidlothian  is  made  certain  by  the  fragments  of 
these  minerals  which  abound  in  the  line-grained  sediments.  These 
arkose  rocks  are  thicker  and  more  abundant  on  the  eastern  than  on 
the  western  side  of  the  area  as  it  now  exists. 

It  is  to  be  noted,  however,  that  the  westward  movement  of  detritus 
on  the  eastern  margin  of  the  basin  does  not  preclude  the  easterly  set 
of  detritus  on  the  western  confines  of  the  area  of  sedimentation, 
involving  a  convergence  of  detritus  such  as  would  take  ])hice  in  a 
river  valley.  The  wliite  cUxys  with  interpohited  layers  of  white  quartz 
pebbles — themselves  the  remanie  of  quartz  veins  in  the  gneisses,  which 
abound  along  the  western  margin  from  the  vicinity  of  Mosley  Junction 
to  the  sections  on  the  Ap[)oniattox  lliver — point  clearly  to  the  derivation 
of  some  of  the  basal  sediments  from  the  gneissic  terrane.  In  view  of 
these  facts  it  (;an  not  be  assuined  that  the  movement  of  the  sediments 
was  uniformly  in  one  direction  unless  it  may  have  been  from  the 
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southeast.  The  occurrence  of  the  gneisses  south  and  southeast  of  the 
points  named,  along  the  western  border  of  the  present  basin,  makes  it 
possible  for  the  material  to  have  moved  from  that  direction  toward 
the  north  and  northwest. 

It  is  a  noticeable  fact  that  surface  exposures  in  the  southern  part  of 
the  basin,  where  it  is  inclosed  by  these  gneisses,  exhibit  less  of  the  arkose 
than  the  middle  and  northern  sections.  In  other  words,  the  arkose 
from  the  granitic  terranes  on  the  east  of  the  present  area  seems  not  to 
have  been  borne  southward  into  the  area  of  deposition. 

The  westward  movement  of  detritus  during  the  deposition  of  some 
of  the  upper  sandstones  is  further  illustrated,  as  is  noted  on  page  441, 
by  the  cross-bedding  structure,  the  fore-set  beds  of  which  indicate  an 
advance  to  the  westward  (see  PI.  XXIX). 

LOCAL  UNCONFORMITIES. 

The  assemblage  of  fossil  plants  and  the  general  character  of  the  sedi- 
ments long  ago  established  rather  firmly  in  the  minds  of  geologists  the 
fresh-water  origin  of  the  deposits  in  this  area.  A  x)oint  remaining  in 
doubt  is  as  to  the  nature  of  the  fresh- water  action — whether  it  was 
fluviatile  or  lacustrine,  or  alternately  one  and  then  the  other.  A  great 
river  valley,  such  as  that  of  the  Ganges,  or  a  coastal  plain  with  par- 
allel rivers,  like  that  of  Siberia,  may  become  the  seat  of  thick  deposits 
of  alternating  silts,  sands,  and  pebble  beds  with  vegetable  deposits. 
By  the  shifting  of  streams  deposits  before  laid  down  may  be  eroded, 
and  tracts  thus  denuded  may  be  suffused  again  with  detritus.  In 
such  an  area  of  alluviation  local  unconformities  would  be  more  apt 
to  occur  than  in  lakes.  Lakes  exhibit  these  structural  features  only 
when  deposition  from  rivers  has  filled  up  the  lake  basin,  and  the  area 
passes  into  the  condition  of  a  river  basin. 

The  occurrence  of  local  unconformities  in  the  Eichmond  Basin  is  a 
well-marked  feature  at  several  localities  and  on  horizons  separated  by 
many  feet  of  strata.  It  is  proper  here  to  mention  a  few  instances  which 
have  been  observed. 

On  the  northwestern  part  of  the  Salisbury  track,  near  Midlothian,  in 
a  stream  bed  at  a  i)lace  called  Big  Eock,  sandstone  is  seen  overlying 
the  truncated  edge  of  a  bed  of  black  Estheria  shales. 

Near  the  base  of  the  Xewark,  at  the  western  margin,  south  of  Mosley 
Junction,  where  the  beds  turn  westward  on  the  Irwin  Bass  place,  there 
is  a  small  pothole  or  channel  eroded  in  the  red  shales  and  filled  with 
gray  sands  marking  an  unconformity.  In  a  succeeding  layer  of  the 
red  shale  is  a  15-inch  bowlder  of  the  coarse  sandstone  derived  from 
the  erosion  of  the  pebble  beds  already  laid  down  in  the  basin  (see 
PI.  XXVIII). 

In  the  bed  of  West  Sappony  Creek,  about  1^  miles  south  of  Skin- 
quarter  Station,  there  is  a  marked  instance  of  local  unconformity,  where 
a  brown  sandstone  bed  lies  upon  red  shales.  The  red  shale,  with  its  lami- 
nation preserved,  stands  up  in  the  sandstone  in  the  form  of  eroded  and 
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undercut  knobs,  one  of  wbicli  is  3  feet  liigli,  indicating  the  minimum 
erosion  of  the  shale  stratum  (see  hg.  91).    The  section  is  north  and 
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Fig.  91.— Partial  section  of  unconformity  in  West  Sappony  Creek,  looking  -west. 


south,  the  eroded  ridge  of  shale  having  an  east  and  west  direction,  an 
observation  consistent  with  the  theory  of  the  westward  drainage  of  the 
area  in  Triassic  times. 

CROSS  BEDDING. 

The  coarse  granitic  sandstones  in  the  central  portion  of  the  basin 
near  the  top  of  the  Newark  section  and,  as  well,  those  lower  down  in 
the  Turkey  Branch  section,  described  on  page  479,  exhibit  marked 
cross  bedding. 

In  a  small  branch  of  Bakers  Creek,  on  Mr.  J.  H.  Bailey's  plantation, 
cross-bedded  sandstones  occur.  The  strata  here  dip  very  gently  west- 
ward. The  cross  bedding  seen  on  the  west  bank  of  the  creek  shows  a 
lower  set  of  cross  beds  apparently  dipping  south,  and  an  upper  set 
truncating  the  first  and  apparently  dipi^ing  north.  These  dips  are 
recorded  as  apparent^  for  the  reason  that  the  exposed  section  may  not 
be  at  right  angles  to  the  true  dip  of  these  small  fore-set  beds.  This 
inclination  may  well  be  somewhat  divergent  from  a  north  and  south 
line. 

Again,  in  this  section  of  nearly  horizontal  rocks  on  the  north  side  of 
the  James  K'iver,  (;oarse  cross-bedding  structure  occurs.  The  layers 
dip  and  thin  out  to  i)arallelism  with  the  underlying  beds  to  the  west- 
ward, indicating  a  current  and  stream  setting  in  that  direction  (see 
PI.  XXIX). 

CONTINUITY  OF  STRATA. 

The  thickening  and  tliiiniing  of  strata  in  tliis  area  have  been  dis- 
cussed by  Newell  and  Cliflbi'd,'  the  former  concluding  from  his  studies 
of  the  Ixidding  in  the  mines  on  the  north  side  of  the  river  that  the  strata 
do  not  thin  toward  their  ])res(Mit  outcrop,  the  latter  holding  that  in  the 
Midlothian  district  such  thinning  is  exhibited. 


"Rifhn.onfl  roal  fi.-Ifl,  Vir^'inia,  by  F.  TI.  Newfll:  Gt-(.l.  Mag.,  Deradn  3,  Vol.  VI,  1889,  pp.  138-140. 
William  Clillbrd:  Traus.  Manchester  Geol.  Soc.  [EnglandJ,  Vol.  XIX,  1888,  p.  333. 
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The  data  for  a  trustworthy  decision  upon  this  question  for  all  parts 
of  the  area  are  not  yet  at  hand.  Thickening  and  thinning  of  particular 
beds  in  the  mines  on  the  eastern  margin  is  locally  exhibited,  but  in 
most  instances  can  be  associated  with  movements  of  the  strata.  The 
results  of  these  movements  are  most  pronounced  in  the  coal  beds  them- 
selves, where  the  coal  pinches  out  over  uplifted  areas  and  is  greatly 
thickened  in  depressed  places.  In  the  Scott  pits,  in  Powhatan  County, 
the  coal  bed  thickened  from  about  2  feet  near  the  surface  to  10  or  12 
feet  at  the  bottom  of  the  incline.^  The  irregularities  in  the  mines  at 
Clover  Hill  (Winterpock)  appear  to  be  due  entirely  to  secondary 
changes,  and  this  is  in  general  true  of  the  mines  at  Gayton,  on  the  north 
side  of  the  river.  In  all  these  comparisons  reference  is  had  to  the 
change  of  bedding  along  east  and  west  lines  parallel  to  the  dip. 

That  the  strata  of  the  basin  vary  in  thickness  from  point  to  point 
along  the  strike  is  indicated  by  the  thinning  of  the  coal  beds  and  by 
their  occasional  confluence  in  this  direction.  The  beds  of  sandstone 
and  shales  outside  of  the  coal-bearing  zone  have  not  been,  and  can  not 
be,  traced  with  that  accuracy  which  would  permit  a  definite  statement 
as  to  their  uniformity  and  extent.  The  local  unconformities  which 
have  been  observed  in  the  upi)er  parts  of  the  section  (see  p.  440),  nota- 
bly in  the  central  part  of  the  basin,  show  that  the  shales  have  been 
partly  denuded  before  the  deposition  of  the  overlying  sands  and  grits. 
Where  this  process  of  local  erosion  has  occurred  in  this  basin,  the  bed- 
ding is  discontinuous  and  lenticular,  as  we  might  expect.  The  small 
lenses  of  grit  in  the  shales  and  sands  of  the  western  margin  point 
to  the  same  conclusion  (see  PI.  XXX).  In  fact,  a  comparison  of  the 
Turkey  Branch  section,  giving  a  nearly  complete  exhibit  of  the  strata 
near  the  base  on  the  western  margin,  with  the  familiar  strata  of  the 
same  place  in  the  section  on  the  eastern  margin,  shows  that  there  is  a 
marked  change  in  the  lithologic  and  structural  characters  between  the 
two  points.  Similar  evidence  is  derived  from  the  distribution  of  the  coal 
beds.  While  their  failure  to  appear  at  certain  points  on  the  upturned 
margin  may  be  plausibly  explained  as  due  to  downfaulting  of  the  beds 
in  these  places,  there  are  other  sections  in  which  their  absence  is  real 
and  is  due  to  a  failure  to  be  formed  in  those  places  or  to  their  erosion 
as  the  prelude  to  the  incursion  of  coarse  sediments.  From  these  con- 
siderations we  are  led  to  conclude  that  the  strata  in  the  basin  are  not 
persistently  continuous. 

The  most  pronounced  discontinuity  of  strata  is  the  case  above  referred 
to — on  the  Irwin  Bass  place,  along  the  western  margin.  In  the  case  of 
the  thinned  shales  in  the  coal  measures,  as  seen  in  mines,  it  is  to  be 
noted  that  these  shales  are  frequently  beset  with  slickensides,  due  to 

creep, in  these  cases  associated  with  the  orogenic  movements  which 
mark  the  basin  as  a  whole.    By  reason  of  these  movements  the  shales 


^  John  Bladen,  Powhatan  Coal  Company,  p.  4. 
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have  beeu  thinned  over  the  edges  of  fault-blocks  and  in  the  compressed 
parts  of  flexures.  The  evidence  derived  from  a  shale  bed  is  conse- 
quently not  decisive  on  the  question  of  marginal  thinning,  unless  it  is 
shown  that  crushing  has  not  taken  place. 

THICKNESS  OF  THE  NEWARK  STRATA. 

Various  estimates  of  the  thickness  of  the  strata  in  this  area  have  been 
made.  In  most,  if  not  all,  of  these  estimates  the  authors  have  i)roperly 
recognized  the  untrustworthiness  of  their  data,  due  to  the  occurrence 
of  faults  either  observed  or  inferred. 

The  most  direct  measurement  of  the  thickness  of  strata  is  that 
afforded  by  the  breadth  of  upturned  beds  on  the  margin  of  the  nearly 
flat  strata  of  the  interior.  The  occurrence  of  faults  in  this  belt  of  the 
area  probably  makes  the  estimate  too  low.  The  throw  of  these  faults 
is  not  constantly  in  one  direction.  Some  of  them  are  downthrown  on 
the  west.  Lyell  states  that  in  sinking  a  shaft  west  of  the  Midlothian 
mine  the  coal  was  found  300  feet  above  the  expected  level. 

Prof.  W.  B.  Eogers,^  in  1842,  gave  the  thickness  of  the  explored  beds 
on  the  eastern  margin  as  800  feet,  and  indicated  a  probably  greater 
depth  for  the  center  of  the  basin.  He  thought  a  shaft  1,000  feet  deep 
would  reach  the  coal  at  several  places  in  the  middle  of  the  basin. 

The  breadth  of  outcrop  on  the  eastern  margin  would  of  itself  indi- 
cate, at  the  distance  of  a  mile  from  the  border,  a  probable  depth  of 
1,500  feet.  Explorations  by  shafting  and  the  diamond  drill,  subse- 
quent to  Eogers's  estimate,  have  shown  that  the  basin  is  deeper  than 
1,000  feet  at  less  than  a  mile  from  the  eastern  margin  and  more  than 
double  that  depth  at  a  distance  of  a  mile  and  a  half. 

Sir  Charles  LyelP  described  the  fossiliferous  strata,  including  the 
coal  beds,  as  probably  never  exceeding  400  or  500  feet  in  thickness. 
Above  this  group  he  recognized  a  thick  series  of  grits,  sandstones,  and 
shales  of  unknown  depth.  Although  the  thickness  of  these  beds  was 
unascertained,  he  expressed  the  opinion  that  in  the  central  parts  of 
the  basin  the  coal  measures  might  lie  under  a  cover  of  from  2,000  to 
3,01)0  feet  of  these  barren  measures. 

Our  observations  show  that  the  greatest  thickness  of  the  strata  is 
toward  the  western  margin  of  the  area.  The  greatest  depth  will  prob- 
ably be  found  in  the  central  part,  near  the  western  margin,  in  the 
region  occupied  by  the  Otterdale  sandstones.  At  least  3,000  feet  of 
strata  may  be  expected  there.  Precise  measurements  are  rendered 
impossible  by  the  occurrence  of  faults  and  by  flexures  where  faults 
have  not  been  detected.  A  boring  near  Midlotliian,  at  a  distance  of  IJ 
miles  from  tlui  eastern  margin,  attained  a  depth  of  nearly  2,500  feet 
without  reaching  the  bottom  of  the  Newark  group. 

»  Geology  of  the  Virginias,  1884,  p.  69  (reprint). 

'  Quart.  Jour.  Geol.  Soc.  London,  Vol.  Ill,  1847,  p.  263. 
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RESTORATION  OF  THE  SEDIMENTARY  MASS  IN  THE  RICHMOND 

BASIN. 

If  tlie  broken  aud  downthrown  strata  now  in  the  Eiclimond  Basin, 
together  with  the  basement  of  older  rocks  on  which  these  beds  rest, 
could  be  restored  to  their  attitude  before  deformation,  there  would  evi- 
dently stand  above  the  present  surface  a  mountainous  mass,  the  relief 
of  which  would  be  equal  to  the  depth  of  the  existing  basin  below  that 
surface.  Accepting  the  view  that  the  strata  are  essentially  uniform 
in  thickness  from  section  to  section,  the  strata  which  lie  nearly  hori- 
zontal in  the  central  part  of  the  basin  would  form  the  surface  of  a  table- 
land rising  about  3,000  feet  above  the  granitic  base.  The  edges  of  the 
tilted  beds  of  the  margins,  whose  average  dip  is  now  25°  inward  toward 
the  axis  of  the  trough,  would,  if  replaced  in  the  horizontal  attitude,  pro- 
duce slopes  of  about  25°  outward  from  the  mass.  The  detached  basins 
on  the  east  would  form  small  outliers  separated  from  the  main  body  of 
the  strata  by  bare  strips  of  the  granitic  basement.  The  general  appear- 
ance of  these  masses  may  be  represented  as  in  fig.  92. 
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Fig.  92. — Theoretical  restoration  of  the  mass  of  strata  now  in  the  Richmond  Basin.  Horizontal  and 
vertical  scale  the  same.  JR,  Eichmond  Basin  strata;  r  /•,  outlying  basins.  The  dotted  line  repre- 
sents the  supposed  extension  of  the  formation  before  deformation  and  erosion  of  tlie  area.i 

The  truncated  edges  of  the  sections  as  thus  replaced  demand  of  the 
imagination  an  indefinite  extension  of  the  beds  in  an  east- west  direc- 
tion. A  similar  section  drawn  from  north  to  south  would  elicit  the 
same  suggestion.  We  are  thus  brought  to  face  the  question  remain- 
ing to  be  solved  for  the  several  Newark  areas  in  Virginia,  whether 
they  were  originally  continuous  or  not.  While  the  basal  portion  of 
the  Eichmond  section  may  have  been  separated  from  other  remaining 
areas  of  I^ewark  rocks  by  divides  of  land,  it  is  quite  possible  that 
the  upper  section  may  have  been  united  across  Powhatan  and  Cumber- 
land counties  with  the  Farmville  area,  in  accordance  with  the  strati- 
graphic  likeness  between  the  two  basins,  to  which  Russell  has  called 
attention. 

'  A  similar  section  has  been  drawn  by  Prof.  W.  M.  Davis  for  the  western  margin  of  the  Connecticut 
Triassic  area.    See  Eighteenth  Annual  Report  U.  S.  Geol.  Survey,  Part  II,  1898,  p.  21,  fig.  3.  . 
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STRUCTURE  OF  THE  RICHMOXD  BASHST. 
HISTORY  OF  THEORY  OF  STRUCTURE. 

Closely  associated  with  the  scientific  problems  of  this  field  is  the 
ecoDomic  question  of  the  occurrence  of  coal  beneath  the  central  i^arts  of 
the  area.  The  depth  at  which  this  coal  may  be  expected  to  occur  depends 
upon  the  solution  of  the  difficult  problem  of  the  structure  of  the  basin. 
That  this  question  has  not  been  satisfactorily  solved  is  because  of 
the  insufficiency  of  the  evidence  obtainable  at  the  surface  or  in  mines 
and  borings.  The  history  of  opinion  regarding  the  structure  of  the 
basin  is  a  suitable  introduction  to  the  data  and  conclusions  which  are 
presented  in  this  report. 

The  Volney  vieiv  (1803). — Perhai)S  the  earliest  hypothesis  to  account 
for  the  coal  deposits  of  this  field  is  that  advanced  by  the  traveler  and 
geologist,  C.  F.  Volney,  and  published  in  Paris  in  1803,  of  which  the 
following  is  a  summarized  translation.  He  notes  that  the  bed  of  the 
James  River  10  miles  above  the  rapids  at  Richmond  lies  upon  a  very 
considerable  deposit  of  coal.  At  two  or  three  points  where  search  had 
been  made  upon  the  left  bank  there  had  been  found,  under  about  120 
English  feet  of  red  shale,  a  bed  of  coal  nearly  24  feet  thick  resting  upon 
an  inclined  bank  of  granite.  It  is  evident,  he  states,  that  the  rapids 
lower  down,  wliich  still  are  an  obstacle  in  the  river,  had  formerly  com- 
pletely dammed  it;  then  there  was  stagnant  water  in  this  place  and 
very  probably  a  lake.  He  says:  "The  reader  will  observe  that 
wherever  there  is  a  rapid  there  is  stagnation  in  the  sheet  of  water 
which  precedes  it,  as  when  it  comes  to  the  water  gates  of  a  mill.  The 
trees  continue  to  accumulate  in  this  place.  When  the  river  has  cut  out 
a  breach  and  lowered  its  level,  the  high-water  floods  of  each  year  come 
then  to  deposit  the  red  clay  that  one  finds  there,  and  this  clay  affords 
the  evidence  of  a  strange  origin,  in  that  this  ([uality  of  earth  belongs  to 
the  upper  current  of  the  river,  and  especially  to  the  x)lain  known  as  the 
southwest."  ^ 

The  W.  B,  Rogers  vieiv  [1836). — The  idea  of  the  structure  of  the  Rich- 
mond Basin  entertained  by  Prof.  W.  R.  Rogers  involved  the  suppo- 
sition that  th(i  incliiKMl  strata  were  largely  deposited  in  this  attitude,  a 
hypothesis  applied  by  II.  I).  Rogers  to  most  of  the  Xewark  areas. 
W.  B.  Rogers  clearly  recognized  the  api)arent  synclinal  structure  of 


'  Tablwm  dii  Sol,  etc.,  Paris,  1803,  pp.  104-105;  English  translation,  London,  1804. 
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the  Eichmond  area.  A  simple  synclinal  structure  is  delineated  for  the 
north  bank  of  the  James  River  in  a  minute  section,  published  as  section 
86,  on  PI.  No.  YII  of  the  Reprint  of  the  Geology  of  the  Virginias.  In  a 
"profile  to  accompany  the  Geological  Reconnoissance  of  the  State  of 
Virginia,''  dated  1836,  and  published  as  PI.  No.  I  of  the  Reprint,  the 
structure  of  the  Richmond  Basin  is  represented  as  due  to  a  succession 
of  downthrown  fault  blocks,  producing  a  graben  structure  (see  fig.  93). 


Fig.  93.— Struciure  of  the  Richmond  Basin,  according  to  W.  B.  Eogers. 

The  Lyell  vieiv  [1847).^ — Sir  Charles  Lyell  examined  the  Richmond 
Basin  in  1841,  and  accepted  the  Mesozoic  age  of  the  beds,  doubting 
only  whether  they  should  be  referred  to  the  Trias  or  the  Oolite  (Jura) 
horizon  of  Europe.  The  coal-field  is  described  as  occurring  in  a  depres- 
sion in  the  granitic  and  other  hypogene  rocks.  The  beds  lie  in  this 
trough,  usually  highly  inclined  along  the  sides  where  the  lowest  of 
them  are  seen,  while  the  higher  and  uppermost  beds  appear  nearly  hor- 
izontal in  the  middle  of  the  basin. 

Lyell  gives  the  accompanying  cross-section  showing  the  manner  in 
which  he  supposed  the  strata  to  rest.  The  whole  country  has  been 
planed  oft'  almost  horizontally.  This  section  ha^  been  repeated  in 
several  editions  of  LyelTs  Manual  of  Geology. 


Fig.  94. — G-eologic  cross  section  of  the  Richmond  Basin,  according  to  Sir  Charles  Lyell.   A,  granite 
and  gneiss ;  B,  coal  measures ;  C,  newer  Mesozoic  strata ;  D,  drift. 

The  granitic  floor  is  described  as  very  uneven,  causing  the  coal  to  be 
squeezed  out  at  one  point  and  made  to  swell  up  at  another.  These 
changes  in  thickness  are  attributed  to  the  movements  of  the  rocks,  and 
''the  forcing  of  the  granite  against  the  coal,  the  distinct  layers  of  which 
are  often  cut  off  abruptly  one  after  the  other  by  the  granite  in  contact." 

The  trough- like  form  of  the  basin  is  described  as  exhibiting  many 
deviations,  such  as  the  strata  dipping  toward  the  granitic  margin  or 
being  nearly  horizontal  at  that  contact,  a  relation  which  iqaplies  fault- 
ing, although  the  author  doe,s  not  thus  explicitly  state  this  conclusion. 


1  On  the  structure  and  probable  age  of  the  coal-field  of  the  James  River,  near  Richmond,  Va. 
Quart.  Jour.  Geol.  Soc,  Vol.  Ill,  1847,  pp.  261-280. 
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The  Taylor  vieiv  (1855),^ — Mr.  E.  O.  Taylor  reviewed  the  literature 
of  the  Kichmoud  Basin  aud  presented  a  cross  section  of  the  coal-field, 
which  diagram  is  reproduced  in  the  annexed  figure. 


GRAA//TE 
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Fig.  95. — The  Taylor  section  of  the  hituiiiinous  coal-field  near  Richmond,  Ya. 

The  structure  thus  represented  is  not  described  further  than  in  the 
notes  appended  to  the  diagram,  in  which  the  arrangement  of  the  beds 
and  the  depth  of  the  coal-field  in  its  central  parts  are  marked  as  uncer- 
tain. The  representation  of  the  occurrence  of  faults  on  the  eastern 
margin  in  the  detached  area  may  possibly  be  intended  by  certain  lines 
introduced  in  the  section. 

The  Daddoic  and  Barman  view  {1866)^^ — This  view  appears  to  be  the 
result  of  an  examination  of  the  area  by  S.  Harries  Daddow.  He 
thought  the  granite  floor  exhibited  undulations,  rising  to  the  surface  as 
so  many  sharp  and  abrupt  peaks.  He  regarded  these  original  irregu- 
larities of  the  basin  as  having  been  partly  smoothed  over  by  the 
deposition  of  strata  before  the  accumulation  of  coal.  In  his  view,  the 
coal  here  and  there  rests  upon  these  granite  peaks  where  they  had 
not  yet  been  buried.  Ko  subsequent  movements  of  the  crust,  in  this  or 
theotlier  eastern  basins,  is  supposed  to  have  taken  place.  The  deposits 
areeaid  to  be  thickest  in  the  deeper  basins  or  synclines,  limited  on  the 
inclining  sides,  and  very  thin  on  the  anticlines  or  ridges,  proving,  as 
this  author  thought,  that  the  basins  existed  much  in  their  present 
condition  when  these  deposits  took  place. 

Daddow  denied  that  there  are  ^' slips"  or  "heaves,"  described  by 
Taylor.  All  the  irregularities,  with  one  or  two  exceptions,  are  egarded 
as  clue  to  original  irregularities  in  the  floor.  The  view  is  illustrated  by 
two  sections. 

In  Daddow's  view,  the  basin  was  an  original  crater-like  depression  in 
the  earth's  surface,  broken  by  numerous  granitic  ridges  and  peaks  into 


'Statistics  of  coal.  2d  ed.,  Philadelphia,  1855,  pp.  287-297.  See  also  Richmond  Coal  Basin  and  its 
coal  trade:  Pennsylvania  State  J«)ur.,  Vol.  II,  1833-;{4,  ]>.  567.  Memoir  of  a  section  ])aasinf;  tliroM;rh 
tli«-  bituminous  coal  fudd  near  Richmond  in  Virginia:  Trans.  Geol.  Soc.  Pennsylvania,  Vol.  I,  IHiJo, 
pp.  27.'j-'-'94.  Pis.  XVI  an«l  XVII. 

'.Samut  l  Harries  Dad«low  and  lien.jamin  Hannan :  ('oal,  Iron,  and  Oil;  or,  the  Practical  American 
Miner.    Pottsville,  Pa.,  1866,  p.  786.    Riclimond  IJasin,  i^p.  292-293,  395-402. 
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separate  basins.  By  sedimentation  these  irregularities  were  gradually 
buried,  the  strata  conforming  more  or  less  to  the  shape  of  the  bottom 
and  the  inclination  of  the  sides.  This  view  totally  neglects  the  visible 
faults  and  plain  indications  of  disturbance  in  the  basin,  and  affords  no 
clew  to  the  structure  of  the  area. 

The  Lesley  view^  (1873  ?). — The  following  extracts  from  a  paper 
credited  to  Prof.  J.  P.  Lesley  give  the  original- valley  hypothesis  in  its 
most  comprehensive  form. 

The  geological  history  of  the  Eichmond  coal  lielcl  is  easily  understood.  There  was 
once  » time  when  a  mountain  range  of  granitoid  rocks  rose  high  above  the  sea  level, 
where  Richmond  and  Petersburg  now  stand,  and  stretched  away  northward  through 
Virginia,  Maryland,  and  southeastern  Pennsylvania,  as  far  as  Trenton,  on  the  Dela- 
ware River.  Toward  the  south  it  ranged  past  Raleigh  and  Fayetteville  to  the  Dah- 
lonega  country  of  Georgia.  A  few  miles  farther  west  another  and  lower  mountain 
range  ran  parallel  to  the  first,  but  united  with  it  before  reaching  the  Potomac  River. 
The  valley  between  these  two  ranges  of  mountains  was  everywhere  at  least  1,000 
feet  deep,  and  may  have  been  tlirice  that  depth.  Its  length  was  at  least  300  miles, 
and  may.have  been  40'>>. 

At  the  same  time  that  middle  New  Jersey,  eastern  Pennsylvania,  and  the  Pied- 
mont country  of  Virginia  and  North  Carolina  were  receiving  their  New  Red  deposits 
on  a  long  wide  estuary  or  arm  of  the  sea,  having  its  capes  at  Trenton  and  Manhattan 
Island,  the  valley  described  at  the  beginning  of  this  sketch  as  lying  between  two 
ranges  of  mountains  which  stood  where  Richmond  and  Raleigh  now  are  got  also 
filled  up  with  over  a  thousand  and  perhaps  with  several  thousand  feet  of  sand  and 
mud.    These  are  the  Richmond  coal  measures. 

The  valley  had,  of  course,  irregular,  bossy  sides,  like  all  valleys  between  granite 
mountains.  On  its  two  slopes  and  in  its  bed  grew  one  of  the  rankest  vegetations 
ever  seen,  a  vegetation  chiefly  of  moss,  on  and  through  which  grew  many  species 
of  ferns  and  shrubs  long  since  extinct,  and  also  an  irregular  forest  of  trees  of  species 
also  extinct. 

In  short,  it  was  supposed  by  this  author  that  the  coal  accumulated 
almost  immediately  after  this  valley  was  excavated,  having  grown  on 
the  sides  of  the  valley  as  well  as  filling  up  depressions.  After  the 
period  of  coal  making  the  continent  is  supposed  to  have  been  depressed 
beneath  the  sea  level,  so  as  to  turn  this  valley  into  a  lake  or  arm  of  tlie 
sea. 

The  Fontaine  vieiv  (1879-1883).— Prof.  W.  M.  Fontaine,  in  his  work 
on  the  Older  Mesozoic  Flora  of  Virginia,^  reaffirms  the  synclinal  struc- 
ture of  the  Richmond  basin.  He  believes  that  "  it  did  not  possess  this 
structure  in  its  early  history  in  such  a  marked  manner  as  now.  It,  like 
the  other  areas,  was  a  progressively  subsiding  region,  probably,  during 
most  of  the  era  of  deposition.'' 

Still  earlier  the  same  author  presented  his  explanation  of  the  Newark 
areas,  including  the  Richmond  Basin : 

The  strata  were  laid  down  in  depressions,  which,  originally  shallow,  were  subse- 
quently deepened  by  a  more  or  less  rapid  subsidence.    The  subsidence  was  due,  as 

'  Cited  in  McFarlane's  Coal  Eegions  of  America,  1873,  pp.  510-514,  from  Lesley's  United  States  Eail- 
road  and  Mining  Eegister  (date  unknown).  Also  cited  by  Cliiford,  Trans.  Manchester  Geol.  Soc, 
Vol.  XIX,  1886-1888,  pp  355-358.  Lesley  gives  a  section  of  the  Eichmond  Basin  in  his  Manual  of 
Coal  and  its  Topography,  1859,  p.  46,  fig.  7. 

2Mon.  TJ,  S.  Geol.  Survey,  Vol.  VI,  1883,  p.  7. 
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previously  stated,  to  the  operation  of  a  lateral  thrust.  It  continued  until  faults 
and  overturned  anticlinals  were  produced.  In  the  interior  belts  (the  New  York, 
Virginia,  Barboursville,  Scottsville,  Danville,  and  Dan  River  areas)  these  operated 
to  produce  a  constant  northwest  dip.  This  resulted  from  the  fact  that  the  western 
sides  of  the  severed  earth  prisms  dropped,  producing  sometimes  by  a  roll  of  the 
prisms  an  upthrow  of  the  eastern  side.  This  appears  to  occur  in  some  of  the  faults 
of  the  Richmond  coal  field  also.  When  the  strain  did  not  result  in  producing  rup- 
ture and  faulting  it  caused  the  development  of  an  anticlinal,  affecting  but  a  narrow 
belt,  which  was  overturned  to  the  eastward,  thus  producing  also  a  continuous  north- 
west dip.  Where  the  strata  have  suffered  enormously  from  erosion,  and  where 
almost  precisely  similar  beds  are  formed  by  the  similar  conditions  of  deposition 
found  repeated  at  different  horizons,  as  is  often  the  case  in  the  interior  belts,  it  is 
almost  impossible  to  detect  reduplications  by  faulting  and  folding.  When  the 
period  of  faulting  was  reached  eruptions  of  trap  took  place.  It  will  thus  be  seen 
that  the  continuous  dips  would  by  no  means  give  a  true  indication  of  the  thickness 
of  the  series. 

In  the  Richmond  coal  field  the  faults  and  narrow  overturned  folds  are  not  of  suffi- 
cient magnitude  to  produce,  as  in  the  interior  belts,  continuous  dips,  but  suffice  only 
to  render  very  variable  and  uncertain  the  dip  and  position  of  the  strata  toward  the 
center  of  the  field.  The  general  result  seems  to  have  been  to  flatten  the  dip  hei:e 
and  to  steepen  it  on  the  western  side.  Some  of  the  twists  in  the  strata  produced  by 
the  overturned  anticlinals  are  of  extremely  limited  extent.  I  have  seen  them  only 
a  few  feet  wide. 

The  direction  in  which  the  lateral  thrust  operated  in  this  field  was  from  east  to 
west,  and  it  seems  not  yet  to  be  exhausted,  for  this  region  is  often  affected  by  minor 
earthquakes,  and  at  intervals  of  ten  or  fifteen  years  by  very  powerful  ones,  the  last 
occurring  a  few  years  ago.  The  shocks  pass  from  east  to  west.  It  is  probable  that 
the  gradual  depression  of  the  coast  is  connected  with  this  westward  thrust. ^ 

The  Clifford  vieiv  (1888).2— Mr.  William  Clifi'ord,  M.  E.,  i)ublished  au 
accouDt  of  his  observations  upon  the  geology  and  methods  of  mining  in 
the  Kichmond  and  Deep  Run  areas.  He  describes  the  coal  measures 
as  deposited  in  a  huge  hollow,  probably  3,000  feet  deep,  having  a  length 
of  30  miles  and  a  width  of  from  4  to  10  miles.  The  detached  areas  on 
each  flank  he  speaks  of  as  occupying  hollows  scooped  out  of  the  granitic 
rock,  or  as  formed  by  the  junction  of  ridges  whose  sumniits  have  been 
eroded,  or  by  the  local  subsidence  of  the  underlying  granite.  The 
author  favors  the  hypothesis  of  original  depressions,  for  he  inters  that 
the  strata  thin  toward  the  sides  of  the  basin  as  though  the  deposits 
had  slidden  down  slopes  on  which  they  accumulated.  Thickening 
toward  the  middle  of  the  basin  is  held  as  the  cause  of  flat  strata  in 
that  part  of  the  field. 

The  disturbances  of  tlie  bed  are  described  as  waving  longitudinal 
"ledges"  separating  the  basin  into  more  or  less  regular  zones.  These 
are  traceable  on  the  floor  and  roof  alike  of  the  coal  measures. 

He  concludes  that  there  is  no  evidence  to  show  the  nonoccurrence  of 
the  coal  beneath  the  middle  of  the  basin.  The  failure  to  find  workable 
beds  of  coal  in  the  "Sinking  shaft"  at  Midlothian,  described  by  Hein- 
rich,  he  attributes  to  the  bore  hole  not  reaching  the  depth  at  which  the 

'Notes  on  the  MeHozoic;  of  Virginia:  Am.  .Tour.  S<'i.,  3(1  series,  Vol.  XVII,  1879,  ])|t.  ;«)-;{7. 
'Kirhmoud  eoal-tield,  Virginia:  Trans.  Manchester  (ieol    Soc.   [Euglan«lj,  Vol.  XIX  1888,  pji. 
32G-354,  pis.  1-5. 
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coals  should  appear.  He  supposed  that  the  strata  at  Midlothian  con- 
tinued to  dip  westward  at  about  25°  at  least  to  the  vicinity  of  the 

Sinking  shaft."  (See  map,  PI.  XXYI,  and  section,  PI.  XXXII.)  His 
theoretical  section  is  based  upon  this  conception  of  the  structure,  with 
marginal  thinning. 

The  Neioell  vieiv  (1889).— Mr.  F.  H.  XewelP  criticised  Clifford's  con- 
clusion to  the  effect  that  the  strata  in  the  Eichmond  Basin  thinned 
toward  the  edges  of  the  present  area  and  that  the  plants  from  which 
the  coal  is  derived  grew  on  inclined  surfaces.  Xewell  states  that  one 
of  the  principal  coal  beds,  dipping  at  an  angle  of  about  30^.  was  worked 
along  the  strike  for  about  a  mile  and  was  explored  down  the  dip  for 
1,500  feet,  and  that  throughout  the  area  thus  made  known  the  bed 
maintained  an  approximate  uniformity  of  thickness.  He  maintained 
that  the  strata  now  in  the  basin  were  once  horizontal  and  that  their 
present  inclined  position  is  due  to  movements  involving  crushing  and 
faulting  subsequent  to  their  deposition.  This  uniformity  of  thickness 
and  original  horizon tality  is  thought  to  be  evidence  of  the  persistence 
beneath  the  main  basin  of  those  conditions  on  which  coal  depends. 

In  regard  to  the  i)arallelism  of  strata,  Newell  made  the  following 
statements : 

It  does  not  follow  from  what  has  been  said  that  any  one  workable  coal  is  continu- 
ous across  under  the  basin  to  the  outcrop  on  the  other  side.  On  the  contrary,  this 
is  probably  not  the  case.  The  identification  of  any  one  coal  seam  for  a  distance  of 
even  1  or  2  miles  is  a  matter  of  great  uncertainty  in  the  thickness  both  of  the  coal 
and  accompanying  shales,  the  bending  and  crushing  to  which  all  have  been  sub- 
jected, and  the  rapid  decomposition  of  the  whole  series.  When  the  change  of  thick- 
ness of  the  coal  beds  and  the  large  number  of  thin  coals — usually  overlooked — are 
given  due  consideration,  strong  doubt  is  thrown  upon  the  identifications  that  have 
been  attempted  between  the  coal  in  one  mine  and  that  in  another  mine  a  mile  or 
more  away.  The  probabilities  are  that  the  coal  of  economic  importance  in  the  one 
mine  is  represented  by  some  one  of  the  smaller  neglected  coals  in  the  other.  « 

The  Russell  vieiv  (1892). — Prof.  I.  C.  EusselP  reviewed  the  opinions 
concerning  the  structure  of  the  basin  advanced  by  Lyell,  Fontaine,  and 
Newell,  and  presented  the  results  of  his  own  observations  upon  such 
structures  as  were  visible  at  the  time  of  a  visit  made  by  him  to  the 
Eichmond  area. 

His  observations  warrant  the  conclusion  that  faulting  has  taken  jDlace 
along  the  eastern  and  western  margins  of  the  area,  and  that  the  basin 
owes  its  position  to  downfaulting  or  else  to  the  relative  uplift  of  the 
neighboring  granitic  and  gneissic  areas,  its  preservation  being  due  to 
its  position  thus  attained  below  the  base-level  of  erosion.  The  faulting 
along  the  margins  indicates  that  the  strata  were  formerly  more  exten- 
sive than  now,  and  it  is  evident  from  the  amount  of  erosion  thai  what 
remains  is  but  the  remnant  of  their  original  area. 

North-and-south  faults  bounding  diversely  tilted  blocks  of  strata 
occur  on  the  western  margin.    In  the  faults,  as  seen  in  the  mines,  the 

'Geol.  Mag  ,  Dec.  3,  Vol.  YI,  1889,  pp.  138-140. 

2 Correlation  papers— The  Newark  system,  by  I.  C.  Russell:  Bull.  U.  S.Geol.  Survey  No. 85,  Wash- 
ington, 1892,  pp.  89-94. 
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coal  is  x)inched  out  to  a  mere  stringer  of  comminuted  and  slickensided 
fragments.  The  small  basins  on  tbe  eastern  margin  are  held  to  be  due 
to  downthrown  masses  with  faults  on  their  western  border,  the  double 
outcrop  of  coal  being  accounted  for  by  the  drag  on  these  faults. 

In  discussing  drainage  modifications  and  their  interpretation,  Camp- 
bell ^  infers  that  the  double  line  of  Triassic  deposits  in  Virginia  out- 
lines depressions  on  an  earlier  Triassic  peneplained  land  surface,  as  a 
result  of  which  deformation  the  drainage  was  concentrated  along  these 
troughs.  He  supposes  a  maximum  submergence  in  the  central  portion 
of  the  Newark  areas  along  a  northwest  and  southeast  axis,  as  a  further 
result  of  which  the  sediments  spread  over  the  area  as  a  continuous 
sheet.  This  cross-axis  is  placed  on  the  line  of  the  present  Susquehanna 
River. 

SUMMARY  OF  THE  PBECEDINa  VIEWS. 

The  authors  cited  have  explained  the  deposits  of  the  Richmond 
Basin  as  being  made  under  the  following  somewhat  different  geographic 
conditions: 

1.  A  lake  formed  behind  a  rock  barrier  in  the  course  of  a  river- 
Behind  this  barrier  silt  accumulated,  forming  the  present  deposits. 
(Yolney.) 

2.  A  river  valley  of  great  width  and  extent,  in  which  the  existing 
strata  were  deposited  in  an  inclined  attitude,  simulating  cross-bedding 
on  a  large  scale.    (Rogers  brothers.) 

3.  A  valley,  lying  between  mountains  and  studded  over  with  granitic 
peaks,  which  became  filled  up  with  sediments,  at  first  sloping  on  the 
sides  of  the  valley,  but  becoming  horizontal  over  the  middle  of  the 
area  when  the  inequalities  had  been  covered  up.  (Daddow  and  Banuan, 
Lesley.) 

4.  A  shallow  depression,  deepening  as  filling  went  on,  ending  in 
faulting  and  folding  by  lateral  compression.  (Fontaine.) 

5.  The  strata  now  in  the  Richmond  basin  are  to  be  regarded  as  a 
downfaulted  remnant  of  a  once  more  extended  series  deposited  by  lakes 
or  rivers.  (Russell.) 

The  authors  of  this  report  are  led  to  conclusions  similar  to  those 
entertained  by  Russell  and  Fontaine. 

STRUCTURE  OF  THE  BOUNDARIES  OF  THE  BASIN. 

Th<*  boundaries  of  the  Richmond  basin  are  lines  of  contact  between 
rock  masses  traced  on  the  surface  of  the  Piedmont  district.  The  sur- 
face within  and  without  the  area,  a  region  of  shales  and  sandstones 
on  one  hand  and  a  region  of  granites  and  gneisses  on  the  other,  is  at 
api)roxiniately  the  same  level  in  both  fields. 

The  eastern  iind  the  western  borders  of  the  several  elongated  areas 
of  Newark  rocks  lying  on  the  west  of  the  Richmond  area  and  of  tiiose 
found  northward,  as  far  as  ( V)nn(»cticut  and  Massachusetts,  have  been 
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shown  by  examination  to  present  an  important  structural  difference. 
On  the  eastern  side  the  lowest  beds  in  the  area  may  be  seen  resting  on 
crystalline  and  igneous  rocks  of  more  ancient  date.  Dipping  inward 
with  more  or  less  regularity  to  the  opposite  border  of  the  area,  succes- 
sively higher  and  higher  beds,  sometimes  repeated  by  faults,  appear, 
until  perhaps  the  highest  beds  in  the  series  are  found  at  the  surface  of 
the  ground  closely  in  contact  with  the  ancient  complex  on  that  side  of 
the  basin. 

In  the  published  sections  accompanying  the  earlier  reports  on  the 
geology  of  the  basin  the  Richmond  area  has  usually  been  represented 
as  an  exception  to  this  type  of  structure.  While  the  general  synclinal 
character  of  the  structure  in  the  portions  of  the  basin  upon  which  the 
diagrams  were  based  is  in  a  great  degree  true,  a  more  extended  exam- 
ination of  the  area  shows  the  monoclinal  structure  so  pronounced  in 
other  ]^ewark  areas.  The  evidence  for  this  conclusion  will  be  apparent 
from  the  following  account  of  the  boundaries  of  the  area  and  description 
of  the  interior,  so  far  as  that  is  known  from  visible  outcrops. 

THE  EASTERN  BORDER. 

The  eastern  border  of  the  Richmond  Basin  is  roughly  outlined  by 
small  stream  valleys.  Fully  20  miles  of  this  line,  the  total  length  being 
about  34  miles,  is  followed  by  these  streams.  Their  location  in  this 
position  is  determined  by  the  outcrop  of  soft  coal  bearing  shales  at  the 
base  of  the  Newark  formation.  Although  the  eastern  border  is  thus 
broadly  marked  out  by  streams,  the  precise  limits  of  the  formations  at 
contact  along  this  line  show  frequent  discordance  with  the  configuration 
of  the  ground.  This  imperfect  adjustment  of  the  streams  to  the  struc- 
ture of  the  Newark  beds  is  due  to  the  fact  that  the  granites  and  gneisses 
of  the  Piedmont  district  are  to  the  depth  of  several  yards  softened  by 
decomposition  and  disintegration  to  the  low  resistance  of  muds  and 
shales.  As  a  rule,  the  streams  which  follow  the  border  line  lie  within 
the  coal-measure  area,  and  the  sandstones  and  arkose  beds  at  the  base 
of  the  formation  are  to  be  found,  along  with  granites  and  gneisses,  on 
their  eastern  banks.  The  valleys  thus  formed  frequently  leave  the 
granitic  and  gneissic  terrane  at  an  elevation  varying  from  50  to  75  feet 
above  the  immediately  adjacent  coal-bearing  region. 

The  eastern  margin  of  the  Richmond  area  has  an  approximately 
straight  course  in  a  north-northeast  and  south-southwest  direction. 
With  reference  to  the  basin  as  a  whole,  this  border  corresponds  to  the 
uplifted  base  of  a  westward  tilted  series  of  strata,  and  is  thus  in  contrast 
with  the  western  margin,  which  represents,  in  a  general  way  the  down- 
faulted  side  of  the  monoclinal  block.  Nevertheless  this  eastern  margin 
is  not  without  minor  irregularities,  as  the  tracing  of  the  outcrops  and 
the  exploitation  of  mines  has  shown.  In  the  following  notes  some  of 
the  details  of  this  line,  the  faults  which  affect  it,  and  the  interpretation 
of  its  general  character,  will  be  set  forth. 
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BETWEEN  NAMOZINE  AXD  COALBORO. 

Beginning  on  the  south  side  of  the  Appomattox,  at  the  southern- 
most point  in  the  Richmond  area,  at  a  place  about  1.^  miles  southwest 
of  Namozine,  the  eastern  border  of  the  area  extends  in  a  nearly  straight 
line  to  Goalboro,  a  distance  of  9  miles.  Throughout  this  extension  no 
deflections  from  the  general  course  can  be  made  out  on  the  ground. 
Since  this  line  is  formed  by  the  intersection  of  the  even  surface  of  the 
Piedmont  region  with  the  tilted  plane  separating  the  Newark  rocks 
above  from  the  granites  and  gneisses  below,  its  straightness  for  this 
distance  can  be  interpreted  only  as  the  result  of  the  intersection  of  two 
essentially  plane  surfaces.  From  the  nature  of  this  boundary  line, 
therefore,  important  inferences  may  be  drawn  in  regard  to  the  form  of 
the  surface  on  which  the  Kewark  beds  repose.  This  matter  is  discussed 
elsewhere  in  this  report. 

FROM  COALBORO  TO  NUTTREE  CREEK. 

Kear  Goalboro  the  boundary  turns  sharply  eastward  to  the  vicinity 
of  Nuttree  Creek,  whence  it  resumes  its  meridional  course,  which  is 
maintained,  with  some  minor  deflections,  hereafter  to  be  noted,  past 
Midlothian  to  the  James  River. 

From  their  southern  point  of  beginning  to  Goalboro  the  coal  measures 
have  been  traced  almost  continuously,  and  throughout  this  distance 
the  Newark  strata  appear  to  rest  in  a  little  disturbed  condition  upon 
their  original  base,  the  granites  and  gneisses.  But  from  Coalboro  to 
Nuttree  Creek  the  coal  beds  which  occur  near  the  base  have  not  been 
discovered.  Associated  with  this  circumstance,  the  truth  of  which 
rests  largely  upon  the  testimony  of  miners  in  this  district,  is  the  occur 
rence  of  strata  in  a  more  highly  inclined  altitude  than  is  exhibited 
immediately  north  and  south  of  this  i>ortion  of  the  boundary.  Too 
little,  however,  is  known  concerning  the  structure  of  the  beds  in 
this  region  to  state  positively  the  nature  of  this  deflection  in  the 
boundary.  It  may  be  that  the  basement  rocks  are  warped  along  this 
line,  and  that  the  coal  measures  follow  in  due  sequence  upon  this  sur- 
face. Analogy  with  similar  irregularities  in  the  Connecticut  area,  as 
shown  by  Davis  and  Griswold,  would  suggest  that  the  boundary 
between  Goalboro  and  Xnttree  Greek  is  determined  by  a  northeast- 
southwest  fault,  along  which  the  Newark  rocks  and  underlying  granites 
on  the  northwest  side  liave  dropped  down,  according  to  the  best  esti- 
mate that  tlie  scanty  data  afford,  as  much  as  (>,()()0  feet.  The  occurrence 
of  shales  in  a  verti(;al  attitude  along  the  boundary  line  on  the  soutli 
side  of  Tomahawk  Creek,  reported  by  Mr.  G.  B.  Richardson,  is  favor, 
able  to  the  view  that  a  fault  exists  there;  but  since  there  are  no  other 
structures  known  on  the  extended  couise  of  this  line  which  require 
faulting  for  their  exi)lanation,  the  hypothesis  appears  at  present  to  be 
unsupported. 
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IN  THE  MIDLOTHIAN  DISTRICT. 


In  the  vicinity  of  Midlothian  the  border  of  the  basin  and  that  of 
the  detached  areas  adjacent  to  the  eastern  edge  of  the  main  coal  fiehl 
has  been,  at  one  time  or  another  in  the  history  of  the  mines,  carefully 
determined.  In  large  measure  this  knowledge  has  been  lost.  In  part 
the  facts  have  been  recorded,  and  in  part  the  nature  of  the  boundary 
may  still  be  ascertained  from  the  outcrops.  Reserving  for  another 
section  of  this  report  the  account  of  the  deposits  in  the  detached 
basins,  their  structure,  so  far  as  it  throws  light  on  the  boundary  of  the 
main  basin,  may  here  be  described.  The  two  areas  lying  south  of 
the  turnpike  at  Midlothian  appear  not  to  be  associated  with  any  irregu- 
larities in  the  boundary  of  the  main  basin.  The  boundaries  of  these 
small  areas,  as  described  by  Russell,^  on  what  appears  on  the  ground 
to  be  the  best  evidence  obtainable,  are  determined  by  the  intersection 
of  the  tilted  plane  of  deposition  with  the  present  surface  on  their 
eastern  side  and  by  faults  on  their  western  margin.  Transverse  faults 
also  occur,  but  their  effect  on  the  outline  of  the  margin  of  these  basins 
and  that  of  the  main  area  is  not  definitely  known.  Russell  mentions 
an  offset  in  the  mines  in  the  vicinity  of  Midlothian,  which  is  probably 
due  to  a  fault  of  this  east  and  west  series.  The  ends  of  the  detached 
areas,  it  is  to  be  suspected,  are  determined  by  such  faults. 

According  to  Mr.  John  Peal,  a  miner  of  Midlothian,  the  main  coal 
bed  makes  a  loop  to  the  eastward  at  the  intersection  of  the  boundary 
with  the  turnpike  near  that  place,  but  this  feature  is  not  traceable  at 

the  present  time.  According  to 
the  same  informant,  the  strata 
are  ''on  end"  along  the  eastern 
border  near  the  track  of  the 
Southern  Railway,  the  coal  beds 
having  been  found  in  a  vertical 
position  in  the  Bonanza,  Etna, 
and  the  old  Gowrie  shafts.  Just 
east  of  the  Etna  shaft,  in  the  rail- 
way cut,  the  shales  underlying  the 
coals  may  be  seen  in  a  horizontal 
attitude  overlying  the  granite 
' -  x'^f  which  crops  out  on  the  opposite 
side  of  the  track.  From  all  that  can 
be  learned  the  strata  pass  with- 

FiQ.  96.— Supposed  structure  of  the  margin  in  the    OUt  faulting   from  this  attitude 
Etna  shaft,  Midlothian,  Virginia.  ^^^^^^^  downward  for  about  100 

feet.  They  then  dip  westward  at  the  usual  angle  of  25°  on  this  margin. 
The  bottom  of  the  Etna  shaft  is  in  the  porphyritic  granitite  of  the  Mid- 
lothian district.  The  general  relations  appear  to  be  those  sketched 
in  the  annexed  diagram  (fig.  96). 


•  Bull.  U.  S.  Geol.  Survey  No.  85. 
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The  flexure  which  is  indicated  by  the  reports  from  this  portion  of  the 
boundary  is  like  those  which,  near  Winterpock  (Clover  Hill),  occur  iu 
the  slopes  of  several  mines,  attributed  by  some  of  the  earlier  writers 
on  this  basin  to  the  deposition  of  the  strata  over  and  around  hillocks 
or  islands  of  granite.  It  seems  most  probable,  in  view  of  the  slickensides 
exhibited  in  the  beds,  that  the  present  structures,  as  elsewhere  indi- 
cated iu  this  report,  are  wholly  secondary,  and  in  most  cases  due  to 
faults  in  the  brittle  granitic  terrane  which  pass  into  flexures  m  the 
overlying  yielding  sediments. 

North  of  the  old  Gowrie  shaft  several  features  render  the  tracing  of 
the  main  boundary  difiicult.  Falling  Creek  has  eroded  a  valley  at  the 
point  where  the  small  detached  areas  on  the  north  side  of  the  Southern 
Railway  approach  nearest  the  main  basin.  On  some  old  mining  maps 
the  boundary  is  indicated  as  definitely  shown  between  the  Gowrie  and 
the  site  of  Jewett's  coke  shaft,  but  there  is  no  evidence  at  present  of 
granite  coming  to  the  surface  between  the  Cunlifte  and  the  main  basin, 
nor  between  the  Cunlifife  Basin  and  the  Blackheath  tract  on  the  east  of  i  t. 
So  far  as  the  prcwsent  shape  of  the  ground  indicates  anything  at  all,  it 
points  to  the  conclusion  that  the  basal  beds  of  the  main  basin  extended, 
if  they  do  not  now  extend,  over  the  Cunliffe  and  Blackheath  tracts,  in 
the  manner  indicated  in  the  accompanying  cross  section,  drawn  east 


Fig.  97.— Cross  section  through  Blackheath  and  Cnnliffe  areas,  showing  supposed  connection  with 

main  basin 


and  west  through  these  small  areas.  For  this  reason  the  boundary  has 
been  drawn  as  a  loop  around  these  abandoned  workings.  Similar 
indentations  in  the  border  occur  again  on  the  western  side  of  the  basin 
where  the  structure  is  more  clearly  associated  with  faulting. 

From  the  vicinity  of  Falling  Creek  northward  to  the  James  River  the 
bf)undary  maintains  its  course  of  a  few  degrees  east  of  north.  Some  of 
the  old  maps  show  the  position  of  the  granite  on  the  east  throughout 
the  entire  distance,  but  the  line  can  not  at  j)resent  be  distinctly  traced 
by  surface  indications  in  the  region  soutli  of  the  river  road.  On  the 
long  slope  of  the  soutli  bank  of  the  James,  m  the  region  of  tlie  Salle 
and  Burfoot  coal  tracts,  the  boundary  was  fully  explored  in  tlie  days 
when  mining  was  canicd  on.  There  appears  to  be  the  same  sini])I(» 
deimsitional  plane  intersecting  the  present  surface  which  characterizes 
the  eastern  border  south  of  this  field. 
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NORTH  OF  THE  JAMES  RIVER. 

On  the  north  side  of  the  James  Eiver  the  eastern  border  begins 
opposite  the  point  to  which  it  has  been  traced  on  the  south  bank  with- 
out evidence  of  displacement  in  the  intervening  valley.  The  line  is 
followed  closely  by  a  branch  railroad  from  Lorraine  to  the  vicinity  of 
the  confluence  of  Deep  Run  with  Tuckahoe  Greek.  Thence  for  about 
a  mile  the  boundary  takes  a  northwest  course,  at  the  end  of  which  it 
straightens  out  and  runs  nearly  north  to  the  northern  end  of  the  basin. 
This  deflection  in  the  boundary  is  marked  by  an  offset  in  the  coal  shafts 
between  James  Eiver  and  Gayton  (Garbon  Hill).  The  evidence  of  a 
northwest  and  southeast  fault  along  this  line  appears  to  be  complete. 
The  extension  of  such  a  fault  into  the  basin  is  not,  however,  shown  by 
any  visible  structures.  It  is  to  be  noted  that  on  the  western  border, 
where  such  a  fault  extended  in  a  direct  line  would  intersect  the  pre- 
^^^ewark  rocks,  there  is  a  marked  indentation  of  the  boundary.  The 
structure  of  this  indent,  however,  does  not  demand  the  occurrence  of 
the  fault  on  the  eastern  margin.  It  appears  unreasonable,  therefore,  to 
assume  that  this  fault  extends  over  a  great  distance. 

The  eastern  border  at  Gayton  has  been  somewhat  differently  placed 
by  different  observers.  This  disagreement  is  largely  owing  to  the  diffi- 
culty of  distinguishing  the  unaltered  granite  from  the  arkose,  which 
everywhere  along  the  eastern  border  in  the  granitic  region  obscures  the 
contact.  In  fact,  there  is  probably  a  gradation  in  certain  portions  of 
this  region  from  clastic  materials  above  to  igneous  below  through  the 
products  of  disintegration.  Along  this  portion  of  the  line  the  granite 
is  recognizable  on  the  surface  by  the  large  rounded  blocks  produced  by 
its  disintegration.  The  boundary  lies  on  the  eastern  side  of  the  small 
brook  east  of  the  mines.  All  the  granitic-looking  fragments  on  the 
surface  on  the  west  of  this  brook  and  in  the  outcrops  in  its  bed  show 
upon  close  examination  the  arkose  structure  with  waterworn  pebbles. 
On  the  east  of  this  brook  is  a  small  tract  in  which  the  i>rewark  sand- 
stones appear  with  a  dip  to  the  east  as  high  as  80o.  Granite  bowlders 
appear  to  the  east  of  this  line  of  outcrop.  The  entire  boundary  of  this 
eastward  prolongation  of  the  basin  can  not  be  clearly  made  out.  The 
scanty  facts  observed  point  to  a  tongue  or  detached  area  of  the  coal 
measures  like  the  Gunliffe  and  Blackheath  tracts. 

From  Gayton  northward  the  nature  of  the  boundary  is  but  little 
known.  Granites  give  way  to  gneiss,  the  former  being  probably  in- 
truded into  the  latter,  since  there  is  a  gradual  increase  of  fineness  of 
texture  in  the  granite  as  one  approaches  the  gneiss.  Where  the  Three 
Ghop  road  crosses  the  boundary,  the  Newark  and  the  underlying  crys- 
talline rocks  were  not  seen  in  contact. 

The  precise  mode  of  termination  of  the  [N'ewark  rocks  on  the  north  is 
not  known.  Faulting  rather  than  folding  would  be  inferred  as  control- 
ling their  structure.  This  appears  from  the  character  of  the  western 
border  in  its  vicinity,  the  nature  of  which  line  it  will  now  be  our  task  to 
describe. 


SHALER  AND  "1 
WOODWORTH.  J 


MARGINAL  FEATURES  OF  BASIN. 


457 


THE  WESTERN  BORDER. 

The  observed  cross  section  of  the  Richmond  Basin  in  the  valley  of 
the  James  Eiver  has  aftbrded  a  reasonable  basis  for  interpreting  the 
structure  as  synclinal.  This  view  is  in  part  right  and  in  part  wrong. 
There  are  many  sections  across  the  basin  which  repeat  the  structure  so 
well  shown  in  the  James  River  bank,  but  there  are  others  which  exhibit 
a  western  dip  of  the  strata  almost  continuously  from  the  eastern  mar- 
gin to  the  western  border.  Even  where  the  marginal  beds  dip  eastward 
on  that  border  they  are  usually  much  more  broken  by  faults  than  the 
strata  on  the  eastern  margin.  In  other  words,  it  appears  that  the  strata 
along  the  western  border  have  been  abruptly  thrown  or  flexed  down  to 
variable  depths.  The  basin  therefore  shows  to  a  large  degree  that 
dominant  structure  of  the  Newark  areas  in  the  Piedmont  district  by 
which  the  beds  are  made  to  dip  mainly  westward.  The  nature  of  these 
faults,  first  made  out  by  Russell  in  the  vicinity  of  the  James  River, 
will  now  be  described,  so  far  as  they  are  at  present  known. 

As  a  preliminary  to  understanding  the  detailed  statements  which  fol- 
low, it  should  be  said  that  the  observed  and  inferred  faults  on  this 
margin  are  not  strictly  parallel  to  the  border,  but  usually  exhibit  a 
northwest  and  southeast  course,  while  the  boundary  line  trends  to  the 
east  of  north.  As  a  result  of  this  arrangement,  and  as  a  consequence 
of  the  level  of  denudation  in  this  region  in  relation  to  the  structures 
of  the  basin,  it  often  happens  that  the  basal  beds  of  the  Newark  occur 
along  the  boundary,  that  part  of  the  line  being  determined  by  the  out- 
croi)  of  the  deposition  plane,  as  on  the  eastern  border.  These  facts  are 
best  shown  in  the  Turkey  Branch  section  (see  p.  478). 

SOUTH  OF  THE  APPOMATTOX  RIVER. 

Beginning  the  tracing  of  the  border,  as  before,  on  the  south  in  the 
Winticoniack  Creek  prolongation  of  the  Newark  rocks,  we  note  that 
the  precise  extension  of  these  beds  on  the  south  side  of  the  river  can 
not  be  accurately  fixed.  From  a  few  decomposed  sandy  exposures  it 
appears  likely  that  the  beds  underlie  the  low  grounds  of  the  Appo- 
mattox River  in  the  manner  in  which  they  are  rei)resented  on  most  of 
the  older  maps.  There  has  been  found  no  evidence,  however,  of  th^ 
existence  of  another  finger-like  projection  of  the  series  such  as  occurs 
in  the  lower  course  of  Winticomack  Creek,  (rneiss  appears,  in  fact,  in 
the  bottom  of  Horsepen  Branch,  fixing  the  limits  in  that  part  of  the 
line. 

THK  IJEVIL  BRIDQK  ROAD  SECTION. 

it  is  to  be  noted  that  there  are  beds  of  recent  geological  date  in  this 
area,  the  lithological  characters  of  which  closely  resemble  the  typical 
Newark  sediments.  In  fixing  the  boundary  care  has  been  exercised  to 
exclude  wherever  possible  these  patches  of  rock.  At  no  point  has  the 
task  of  dealing  with  these  discriminations  been  more  difficult  than 
alon^  the  western  margin  in  tlie  region  wlii(;li  is  now  to  b(;  described. 
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Not  ODlydoes  the  boundary  line  depend  upon  the  determinations  which 
are  here  made,  but  an  important  question  regarding  the  physical  his- 
tory of  the  Eichmond  Basin  hinges  upon  the  view  which  is  taken  of 
the  structures  which  the  presence  of  these  beds  indicate.  The  problem 
is  first  encountered  at  Bevil  Bridge,  on  the  east  bank  of  the  Appomat- 
tox Biver.  The  river  has  here  cut  a  valley  about  150  feet  below  the 
general  level  of  the  Piedmont  district.  Gneiss  crops  out  on  the  eastern 
bank  and  continues  to  be  exposed  in  the  road  for  a  distance  of  about 
one-third  of  a  mile  to  the  east  of  the  river.  At  this  point  the  pre- 
Newark  rock  is  capped  by  horizontal  strata  of  clays  and  argillaceous 
sands  in  an  advanced  state  of  decomposition  from  weathering.  The 
unconformity  with  the  gneiss  is  obvious,  although  it  is  not  marked  by 
a  basal  conglomerate.  Fossils  are  also  lacking  as  aids  in  the  determi- 
nation of  the  age  of  the  stratified  rocks. 

About  half  a  mile  eastward  from  the  point  of  beginning  of  the  above- 
mentioned  section  and  50  feet  higher  up  a  white  vein-quartz  pebble 
conglomerate  comes  into  view,  overlain  by  reddish  mottled  sandstone. 
A  quarter  of  a  mile  farther  east  and  still  higher  up  red  and  white 
clayey  sands,  probably  decomposed  sandstone,  in  distinct  bands  dip- 
ping 450  west,  appear.  This  last  exposure  indicates  that  the  area  of 
horizontal  beds  resting  upon  the  gneiss  near  the  river  has  been  x)assed 
and  that  the  Newark  beds  which  exhibit  the  tilt  of  post  Triassic  dis- 
location are  near  their  western  margin.  The  evidence  now  to  be  set 
forth  concerning  a  fault  in  this  vicinity  will  make  this  relation  clearer. 

The  Spout  Spring  boundary  fault. — The  high  ground  north  of  the 
Bevil  Bridge  road  and  east  of  the  Appomattox,  known  locally  as 
Gravelly  Hill,  is  capped  by  a  deposit  of  white  and  reddish  quartz  and 
quartzite  pebbles  varying  in  size  up  to  3  inches  in  diameter.  This 
deposit,  though  not  shown  in  natural  sections  to  be  a  part  of  the  Newark 
or  later  deposits,  may  for  the  present  be  neglected,  it  being  sufficient  to 
note  that  it  is  like  many  other  gravelly  areas  capping  high  ground  in 
this  area  and  occurring  usually  near  the  larger  rivers  (see  p.  505). 

A  ravine  on  the  northern  slope  of  Gravelly  Hill,  on  the  Condrey 
place,  exposes  a  contact  between  the  Newark  rocks  and  the  gneiss  of 
the  western  border.  The  Newark  shales  are  at  this  locality  at  a  lower 
level  than  the  surface  of  the  gneiss  on  which  the  horizontal  strata  rest 
in  the  locality  described,  near  Bevil  Bridge,  on  the  western  slope  of  the 
hill.  At  the  base  of  the  hill,  in  this  ravine,  there  is  a  perennial  outflow 
of  water  known  locally  as  "Spout  Spring.'*  The  water  issues  from 
broken-up  blocks  of  Newark  red  shale,  the  gneiss  at  the  spring  not 
being  exposed.  About  150  feet  northwest  of  Spout  Spring,  down- 
stream, there  is  an  exposure  of  schistose  rocks,  much  decayed,  flanked 
by  a  remnant  of  the  Newark  shale.  The  schists  strike  N.  63°  W.,  with 
a  dip  nearly  vertical.  The  exposed  surface  of  contact  between  the 
gneiss  and  the  Newark  is  too  small  to  afford  a  definite  determination  of 
its  inclination.  At  the  point  where  the  contact  was  observed  its  plane 
showed  a  hade  of  40°  west.    Its  strike  was  northwest  to  southeast, 
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agreeing  in  direction  and  hade  with  several  observed  faults  elsewhere 
along  the  western  border.  The  shale  and  the  gneiss  are  clearly  brec- 
ciated  along  the  plane  of  contact.  These  circumstances,  together  with 
the  phenomena  at  Spout  Spring,  afibrd  good  evidence  of  a  fault  at 
this  locality. 

The  attitude  of  the  i^ewark  strata  immediately  in  contact  with  the 
fault  is  not  determinable.  One-eighth  of  a  mile  up  the  little  stream  and 
about  200  feet  east  of  the  i^robable  position  of  the  fault  plane,  a  thin 
quartz  pebble  conglomerate  is  seen  resting  on  a  clay  (decomposed  shale) 
stratum.  This  small  exposure  gives  a  strike  of  N.  28°  Wo,  and  a  steep 
dip  to  the  northeast,  an  attitude  which  accords  with  tho  expectation 
that  the  ^N^ewark  sediments  should  show  a  drag  along  the  fault  plane. 

These  details,  unimportant  in  themselves,  have  been  thus  explicitly 
set  forth  in  order  that  the  nature  of  the  evidence  on  which  faulting  is 
inferred  along  this  western  boundary  may  be  thoroughly  understood. 

It  now  remains  to  consider  whether  the  Newark  strata  overhip  the 
Spout  Spring  fault,  having  been  deposited  subsequent  to  its  formation. 
Two  exposures  of  sediments — that  just  named,  near  Bevil  Bridge,  and 
one  which  will  now  be  briefly  mentioued — bear  on  this  question. 

Nearly  due  west  from  Sx)Out  Spring,  on  the  bank  of  the  Appomattox 
River,  some  test  pits  have  been  sunk  into  black  shales,  carrying  traces 
of  coal.  These  shales  are  said  to  have  been  traced  across  the  river  at 
this  point.  Brownish  sandstones  with  plant  stems  were  found  in  the 
debris  from  the  pits.  These  members  of  the  Newark  system  lie  on  the 
west  side  of  the  projected  line  of  the  Spout  Spring  fault,  and  at  a  lower 
level  than  the  gneiss  at  the  spring.  The  Newark  rocks,  therefore, 
clearly  extend  beyond  the  fault  to  the  west. 

The  elucidation  of  the  stratigraphy  and  structure  in  this  Bevil  Bridge 
section  is  so  important  from  the  point  of  view  of  an  understanding  of 
the  faults  which  occur  to  the  northward  that  it  seems  well  to  discuss 
the  matter  somewhat  at  length  in  this  i)lace. 

First,  we  may  suppose,  what  other  observers  apparently  have 
assumed,  as  their  maps  would  go  to  show,  that  the  boundary  line  in  this 
district  is  to  be  drawn  to  include  in  the  Newark  system  the  horizontal 


Fio.  98. — (CaHe  I.)  Newark  strata  on  both  sides  of  the  fault  along  the  Bevil  Bridge  road,  the  fault  (/) 
coniin;;  to  or  near  th<'  pieHeiit  surface.  4,  basal  Newark  strata;  B.  upi»t  r  downthrowu  New.irk 
beds. 


strata  in  the  vall(\y  of  the  Appomattox.  (See  tig.  OS.)  In  tiiis  snp- 
position  (whicli  may  be  (tailed  Case  I)  the  fault  comes  to  the  present 
surface;  the  beds  on  the  gneiss  are  at  the  local  base  of  the  Newark 
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system,  and  the  throw  on  the  fault  is  probably  great,  but  less  than  the 
thickness  of  the  whole  section. 

It  is  shown  elsewhere  in  this  report  (see  p.  505)  that  there  are  con- 
siderable patches  of  post-Newark  sediments  capping  certain  ridges  and 
hills  in  the  Richmond  area.  The  deposits  on  Gravelly  Hill  and  east- 
ward require  us  to  consider  the  possibility  that  the  entire  section 
extending  beyond  the  Spout  Spring  fault  along  the  Bevil  Bridge  road 
is  post-Newark,  and,  therefore,  not  cut  by  the  fault;  in  other  words, 
presenting  the  cross-section  shown  in  the  accompanying  diagram 
(fig.  99).  If  this  hypothesis  (Case  II)  be  true,  the  Newark  boundary 
should  be  drawn  no  farther  west  than  the  position  of  the  fault-plane. 


Fig.  99,— (Case  II.)    Downthrown  Newark  (A)  and  adjacent  gneiss  {B)  eroded  and  covered  hy  newer 

strata  (C). 

Yet,  another  hypothesis  needs  consideration  before  a  conclusion  con- 
cerning this  matter  is  reached.  It  is  imaginable  that  after  a  part  of 
the  Newark  sediments  was  laid  down  in  a  subsiding  trough  a  fault 
developed  along  this  line,  so  that  the  beds  east  of  it  were  thrown  down, 
giving  the  minor  foldings  which  they  now  exhibit;  or,  what  is  equally 
probable,  if  not  a  necessary  postulate  in  this  view,  the  western  block 
rose  up,  being  stripped  of  the  sediments  already  laid  down  west  of  the 
fault-plane.  After  the  dislocation,  sedimentation  was  renewed,  hori- 
zontal strata  being  laid  down  over  the  region  adjacent  to  the  fault, 
giving  the  Bevil  Bridge  section  the  hypothetical  structure  shown  in 
fig.  100  (Case  III).  In  this  view,  the  horizontal  strata  on  the  west  of 
the  fault  are  late  Newark,  though  they  lie  here  upon  the  gneiss. 


Fig.  100  — Case  III,  in  which  it  is  supposed  that  the  beds  on  the  west  of  the  fault  are  late  Newark 
rocks,  deposition  to  the  eastward  having  been  continuous  during  Newark  time. 

Without  lithological  characters  of  determinative  value  and  without 
fossils,  the  evidence  derivable  from  structure,  even  where  a  fault  is 
definitely  known  to  affect  a  portion  of  the  section,  must  leave  us  in 
doubt  as  to  the  relations  of  the  horizontal  beds  in  question  to  the  main 
mass  of  Newark  in  the  Kichmond  Basin.  But  there  is  another  possi- 
bility which  remains  for  consideration.  If  the  second  and  third 
hypotheses  are  to  be  preferred  to  the  first,  the  horizontal  beds  should 
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originally  have  extended  across  the  fault,  which  would  thus  be  of 
earlier  date  than  their  deposition.  It  is  conceivable  that  movements 
may  have  been  renewed  on  the  old  fault  subsequent  to  the  deposition 
of  the  horizontal  beds.  We  are  thus  brought  to  a  fourth  hypothesis 
(Case  IV),  which  admits  the  possibility  of  the  second  and  third  cases 
as  preceding  alternative  conditions  and  leaves  us  without  criteria  for 
choosing  between  the  first  and  this  last  hypothesis  by  the  use  of  any 
local  criteria  as  yet  discovered. 

Such  is  the  argument  by  which  the  conclusion  is  reached  that  the 
age  of  these  horizontal  beds  can  not  be  definitely  determined  by  direct 
methods.  It  has  seemed  necessary  to  be  thus  explicit  in  regard  to 
these  slight  structures  in  order  to  set  forth  the  difficulties  which  attend 
the  interpretation  of  portions  of  this  basin.  There  is  left  to  the 
geologist,  however,  the  argument  based  upon  probability  of  recurrence 
of  a  type  of  structure  known  to  exist  in  the  immediate  vicinity.  At 
this  point  the  knowledge  gained  from  the  patch  of  coal-bearing  rocks 
lying  in  the  Appomattox  Valley  west  of  the  Spout  Spring  fault 
becomes  of  significance  in  showing  that  the  ^Tewark  sediments  extend 
west  of  the  fault,  as  postulated  in  Case  I.  It  is  only  necessary  to 
suppose  that  the  area  of  Newark  in  which  the  pits  lie  has  been  thrown 
down  below  the  level  of  the  horizontal  strata  seen  resting  on  the 
gneiss  to  make  it  seem  more  probable  that  they  are  basal  members  of 
the  Newark  rather  than  beds  belonging  to  a  higher  horizon.  This  line 
of  argument,  it  will  be  shown,  is  confirmed  from  step  to  step  as  one 
goes  northward  along  the  western  boundary.  Therefore  the  boundary 
line  has  been  drawn  so  as  to  include  the  horizontal  strata  whose  occur- 
rence without  other  similar  known  Newark  blocks  would  remain  without 
definite  proof  of  a  Newark  age. 

THE  GOODE  BRIDGE  ROAD  SECTION. 

The  rocks  in  the  vicinity  of  Goode  Bridge  repeat  all  the  essential 
features  described  for  the  Bevil  Bridge  section.  About  three-fourths 
of  a  mile  east  from  the  river  horizontal  strata  appear  unconformably 
overlying  the  gneiss  at  an  elevation  about  200  feet  above  the  river. 
At  the  brow  of  the  hill  a  mottled  conglomerate,  overlain  by  sandstone, 
crops  out,  dipping  gently  eastward.  Half  a  mile  eastward,  along  the 
road  near  the  Zoar  crossroads,  a  gently  flexed  bed  of  i^pttled  conglom- 
erate makes  its  appearance,  recalling  the  post-Newaik  conglomerate 
at  Midlothian.  Immediately  north  of  this  locality,  wbere  the  road  run- 
ning northwest  from  Zoar  crosses  a  small  brook,  the  gneiss  is  ex])ose(l. 
Tlie  boundary  of  the  Newark  is,  therefore,  here  in  the  same  com[)h('ate(l 
position  in  which  it  exists  at  Bevil  Bridge,  Faulting  is  a  probable 
exphmation  of  the  relations. 

HKTWKEN'  ZOAli  AND  MOKLEV  JUNCTION. 

The  boundary  is  not  clearly  revealed  from  the  vi(;inity  of  Zoar  north- 
ward until  the  road  passing  W(;st  from  Skin(|uarter  is  reached.    At  the 


'462 


GEOLOGY  OF  THE  RICHMOND  BASIN,  VIRGINIA. 


distance  of  about  1^  miles  west  from  this  place,  the  ]N"ewark  strata  are 
exposed  for  several  hundred  feet  eastward  from  the  boundary,  the 
position  of  which  can  be  fixed  with  approximate  certainty. 

The  contact  of  the  i^ewark  with  the  gneiss  at  this  point  is  not  seen; 
but  the  faulted  reddish  shales  of  the  basin  may  be  seen  dipping  west- 
ward within  a  few  rods  of  the  boundary.  The  continuous  westward 
dips  as  we  approach  this  boundary  require  us  to  suppose  that  a  con- 
siderable thickness  of  the  ^^^ewark  beds  are  thrown  down  against  the 
gneiss. 

For  a  mile  and  a  half  northward  from  Zoar,  the  boundary  line  is 
believed  to  lie  on  the  west  side  of  Skinquarter  Creek.  At  a  point  about 
1  mile  south-southeast  from  Clayville,  in  Powhatan  County,  the  line 
turns  abruptly  toward  the  east,  recrossing  Skinquarter  Creek  and  hold- 
ing that  course  for  nearly  half  a  mile,  whereupon  it  again  turns  north- 
eastward, passing  to  the  east  of  Mosley  Junction  station. 

The  angle  south  of  Mosley  Jiinction, — The  abrupt  indentation  in  the 
outline  of  the  basin  which  is  thus  produced  about  IJ  miles  south  of 
Mosley  Junction  is  not  represented  on  the  older  maps.  The  extension 
of  the  Newark  system  west  of  Skinquarter  Creek  is  based  upon  the 
occurrence  of  decomposed  sandstones  found  within  the  field  adjacent 
to  that  stream  and  in  line  with  the  westerly  strike  of  the  ^^ewark  strata 
on  the  Irwin  Bass  place.  The  contact  of  the  red  shales  and  sandy 
beds  of  the  Newark  with  the  underlying  gneisses  at  this  latter  locality, 
near  a  barn,  is  shown  in  PI.  XXXIII,  a  photographic  view  which  illus- 
trates the  indifferent  way  in  which  these  two  types  of  rocks  weather 
and  erode. 

In  its  general  structure,  this  indentation  recalls  the  Blackheath  and 
Cunliffe  basins  on  the  eastern  margin.  While  clear  evidence  of  faulting, 
either  on  the  western  margin  beyond  Skinquarter  Creek  or  on  the  east- 
west  line  passing  through  the  Bass  place,  has  not  been  found,  it  seems 
probable  that  faulting  may  exist  on  the  western  side.  The  question  is 
of  some  importance,  for  upon  its  determination  depends  the  position 
assigned  to  the  excellent  exposures  of  Newark  sandstones,  grits,  and 
shales  upon  the  Irwin  Bass  place,  previously  described  in  some  detail 
(see  p.  440).  As  will  be  seen  from  Dr.  Knowlton's  report  on  the  silici- 
fied  wood  of  the  Eichmond  Basin,  a  specimen  found  in  this  section  is 
identical  with  one  found  in  the  upper  beds.  This  identity  of  species 
does  not  at  present,  however,  appear  to  be  conclusive  as  to  the  identity 
of  horizon.  Until  faulting  can  be  proved  along  this  east  and  west  line 
it  seems  inadmissible  to  suppose,  upon  the  evidence  from  a  single  frag- 
ment of  a  wide-ranging  species  of  tree,  that  the  beds  resting  here  on 
the  gneiss  are  other  than  basal  sediments. 

Boundary  fault  at  Mosley  Junction, — In  the  vicinity  of  Mosley  Junc- 
tion, there  is  evidence  of  a  profound  fault,  for  on  the  south  side  of  the 
Southern  Eailway,  the  Newark  sandstones  and  shales  are  in  a  vertical 
position,  striking  nearly  east  and  west  against  the  boundary.  This 
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structure,  so  closely  associated  with  the  east  and  west  strikes  ou  the 
Irwin  Bass  place,  together  with  adjacent  tracts  in  which  the  Newark 
appears  to  lie  in  a  horizontal  attitude  near  the  boundary — though  it 
may  be  downthrown  against  the  gneiss  even  in  this  case — points  clearly 
to  the  sagging  of  the  beds  along  the  western  faulted  boundary.  That 
synclines  of  this  origin  pervade  the  Newark  strata  toward  the  interior 
of  the  basin  will  be  brought  out  in  the  sequel,  the  whole  evidence 
strongly  confirming  the  view  of  a  faulted  western  boundary. 

Between  the  railway  exposures  at  Mosley  Junction  and  the  Irwin  Bass 
place,  lies  the  instructive  section  disclosed  whenever  the  bed  of  Turkey 
Branch  is  swept  free  of  sand.  The  stratigraphic  details  of  this  section 
are  presented  elsewhere  in  this  report.  It  is  of  importance  here  to  note, 
however,  the  two  faults  which  occur  in  this  short  section,  since  they 
throw  light  on  the  method  of  folding  and  faulting  along  the  margin 
and  confirm  by  one  additional  case  the  view  that  the  Newark  strata 
may  rest  locally  upon  the  gneiss  west  of  a  fault  essentially  at  the 
boundary  in  the  existing  relation  of  the  Piedmont  peneplain  to  the 
sediments  in  the  basin.  In  Turkey  Branch  of  Swift  Creek,  the  Newark 
beds  rest  upon  the  gneisses  very  much  as  they  do  on  the  eastern  border, 
but  at  a  distance  of  G50  feet  from  the  boundary  the  strata  having  been 
at  this  point  profoundly  folded  by  compressive  movements,  were  sub- 
sequently faulted.  This  fault  is  of  the  reversed  type,  dipping  steeply 
west.  The  amount  of  the  throw  is  not  ascertainable.  At  the  distance 
of  1,400  feet  from  the  boundary,  the  section  is  traversed  by  another 
fault  dipping  steeply  east,  but  there  seems  no  way  of  determining  the 
direction  of  the  throw.  The  conditions  of  compression  indicated  by 
the  first-named  fault  would  i)oint  to  the  existence  of  a  reverse  fault 
here  also  (see  PL  XXXVIII). 

FROM  MOSLEY  JUNCTION  TO  THE  JAMES  RIVER. 

Northward  from  Mosley  Junction,  the  boundary  is  ill  defined.  The 
Newark  crops  out  in  the  north  bank  of  Swift  Creek  three-fourths  of  a 
mile  northwest,  or  upstream,  from  the  point  where  the  creek  crosses 
the  Powhatan-Chesterfield  county  line. 

From  Swift  Creek  to  the  James  Eiver  the  boundary,  except  in  the 
vicinity  of  the  river,  is  not  well  shown.  Widely  separated  outcrops  of 
gneiss  on  one  hand  and  sandstones  on  the  other  show  that  it  follows 
the  general  course  of  Dutoy  (or  Dittoway)  Creek  to  its  union  with 
Jones  Creek.  At  one  or  two  ])oints  in  the  vicinity  of  the  Old  Dominion 
pits,  where  the  lower  coal-bea^in^;  rocks  are  brouglit  to  the  surface,  the 
strata  are  in  nearly  vertical  attitudes.  Russell's  studies  of  the  Norwood 
tract  at  the  time  th(5  mines  were  opened  show  clearly  the  nature  of  the 
faulting  along  this  ])art  of  the  boundary  and  the  disturbances  which 
aftect  the  strata  at  a  distance  from  it.  The  fault-bhx^k  of  pre-Newark, 
crystalline  iO(;k  wliicii  enters  the  Norwood  estate  from  the  northwest 
in  the  form  of  a  wedge  will  be  described  in  connection  with  the  better 
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exposures  of  the  structure  on  the  north  side  of  the  river.  It  is  only 
necessary  to  note  in  this  connection  that  the  sandstones  and  shales  in 
the  river  road  on  the  west  side  of  Jones  Greek,  resting  apparently  on 
the  tilted  surface  of  the  fault  block  mentioned,  dip  west  at  an  angle  of 
20°  or  more  toward  the  main  terrane  of  gneiss  beyond. 

Enough  has  already  been  stated  concerning  the  relation  of  the 
Kewark  to  its  western  border  in  this  basin  to  make  it  probable  that  a 
very  marked  downthrow  of  the  strata  occurs  from  the  Appomattox 
River  northward  to  the  James.  This  evidence  becomes  indubitable 
and  its  interpretation  as  to  the  manner  of  faulting  plain,  when  the  facts 
cited  by  Russell  and  our  own  observations  concerning  the  western 
margin  of  the  basin  at  Manakin  and  Boscabel  Ferry  are  given  their  due 
weight. 

The  Cornwallis  Hill  fault-bloch. — It  is  clear,  from  an  examination 
of  the  neighboring  exposures,  that  Cornwallis  Hill,  between  Manakin 
and  Boscabel  Ferry,  is  a  fault-block  of  the  pre  Newark  crystalline 
rocks,  left  standing  up  in  the  crushed  and  broken  sediments  of  the 
Richmond  basin.  This  block  wedges  out  south  of  the  river,  disappear- 
ing beneath  the  surface  of  the  J^^ewark  beds.  It  appears  to  have  been 
tilted  westward,  the  coal  shales  having  been  thrown  down  on  its  east- 
ern face  (see  fig.  102,  p.  467,  and  PI.  XXXV). 

In  the  quarry  opened  on  the  bank  of  the  James  River  faults  may  be 
seen  dipping  steeply  east  in  the  block  (see  PI.  XXXIV). 

NORTH  OF  MANAKIN. 

Xorth  of  the  river  road  at  Manakin  the  boundary  is  traceable  by 
occasional  outcrops  of  the  white  gneisses  and  the  reddish  shales,  gen- 
erally following  closely  the  east  side  of  the  Manakintown  road.  At  a 
few  points  offsets  occur  by  which  the  Newark  sediments  overstep  the 
general  line  and  appear  as  downthrown  blocks  in  the  pre-Xewark 
rocks. 

At  the  elbow  in  the  Manakintown  road,  2 J  miles  north  of  the  village 
of  Manakin  the  Xewark  beds  may  be  seen  a  little  east  of  the  high- 
way, dipping  eastward  into  the  basin.  Small  exposures  in  the  old 
fields  north  of  this  locality  give  similar  indications  of  this  attitude  of 
the  strata,  but  there  is  not  enough  of  the  structure  shown  to  enable 
one  to  affirm  or  deny  faulting  along  this  portion  of  the  boundary. 

Transverse  fault  block. — From  the  corner  of  the  Manakintown  road 
and  the  road  running  southeastward  to  Gayton  the  boundary  is 
deflected  sharply  westward  for  about  one-third  of  a  mile,  forming  one  of 
the  shoulders  above  mentioned.  This  indentation  has  a  north  and  south 
extension  exceeding  1  mile  in  length.  The  supposition  that  this  appar- 
ent depression  in  the  now  inclined  floor  of  the  Richmond  basin  may  be 
an  original  valley  filled  with  the  Xewark  sediments  is  negatived  by  the 
fact  that  on  the  northern  edge  of  the  depression  these  beds  clearly  bend 
down  into  it,  though  they  lie  nearly  horizontal  in  the  middle  of  its 
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extent.  It  seems  more  likely  to  arise  from  the  settling  clown  of  a  block 
of  the  gneiss  between  nearly  east  and  west  faults,  with  probably  a 
meridional  fault  on  its  western  limit,  in  the  manner  indicated  in  the 
annexed  diagram,  in  which  the  floor  of  gneiss  is  shown  without  the 
cover  of  overlying  sediments.  At  the  southeastern  corner  of  this 
indentation  the  Newark  shales  appear  to  be  faulted,  but  the  precise 
nature  of  the  disturbance  can  not  be  made  out. 

^^orthern  end  of  the  basin. — Northward,  to  the  end  of  the  Eichmond 
basin,  the  boundary  is  not  clearly  revealed.  A  projection  of  the  gneiss 
into  the  basin,  mentioned  by  Eussell  and  shown  on  his  map,  can  be 
made  out  by  the  distribution  of  soils  derived  from  the  gneiss  on  one 
hand  and  the  Newark  beds  on  the  other,  reinforced  by  a  few  outcrops 
of  both  groups  of  rocks.  It  is  probable,  as  that  geologist  suggests, 
that  the  structural  features  at  Cornwallis  Hill  are  repeated  here. 

The  westward  dip  of  the  strata  along  the  Three  Chop  road,  quite  up 


Fig.  101. — Diagram  showing  snpposetl  sy.stem  of  faults  in  the  gneissic  base  of  the  Newark  system 
giving  rise  to  a  quadrangular  indentation  with  downflexed  strata. 

to  the  gneiss  on  the  western  border,  is  in  accordance  with  the  occur- 
rence of  a  strong  fault  with  a  downthrow  on  the  east.  The  structure  of 
even  this  narrow  i)ortion  of  the  basin  is  too  complex,  involving  as  it 
does  the  granitic  tongue  and  the  diverse  attitude  of  the  strata  in  the 
middle  of  the  area,  to  permit  the  use  of  dips  in  determining  the  prob- 
able amount  of  throw  along  the  fault  at  the  western  border. 

From  the  locality  above  mentioned  to  the  northernmost  point  of  the 
basin  the  structure,  as  on  the  eastern  border  oi)i)osite,  is  not  well 
shown,  and  the  boundary  line  as  mapped  may  be  somewhat  out  of  place. 

SUMMARY  CONCERNIN(r  THE  IJOrNDARY  OF  TUK  IJASIN. 

From  the  preceding  notes  ui)on  the  nature  and  interpretation  of  tlie 
boundary  of  the  Kichniond  Basin  on  the  cast  and  west  it  will  be  seen 
that  a  detaihid  stndy  lias  (•ontirnicd  and  extended  tlie  views  of  tlie 
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structure  of  the  basin  advanced  by  EusselP  in  1885.  In  general  terms, 
the  eastern  border  is  mainly  characterized  by  the  horizontal  trunca- 
tion, through  base  leveling,  of  a  tilted  set  of  terranes,  the  boundary 
line  marking  the  appearance  at  the  Piedmont  surface  of  the  plane  of 
contact  between  them.  Faults  are  not  wanting,  but  those  which  have 
been  detected  do  not  dominate  the  direction  or  structure  of  the  beds 
along  this  margin.  In  a  very  uniform  way,  the  strata  dip  westward 
toward  the  middle  of  the  basin. 

The  western  boundary,  on  the  contrary,  is  characterized  by  faults. 
These  faults  are  more  generally  oblique  to  the  boundary  than  parallel 
with  it.  Their  course  is  mainly  west  of  north,  while  the  trend  of  the 
boundary  line  is  east  of  north  for  the  major  part  of  the  distance.  On 
the  southwest  the  trend  of  the  faults  and  the  boundary  is  more  nearly 
in  accord.  Accompanying  the  numerous  faults  along  this  western  border 
is  the  feature  of  diverse  attitudes  assumed  by  the  strata.  The  strata  in 
some  places  dip  inward  away  from  the  margin,  and  in  other  localities 
they  dip  toward  it  or  lie  flat  against  it,  affording  by  this  evidence 
alone  satisfactory  proof  of  the  dislocations  which  occur  along  this  line. 
The  irregular  occurrence  of  the  coal  beds  along  the  western  margin, 
viewed  in  the  light  of  the  variable  structures  just  mentioned,  points  to 
the  same  conclusion.  In  addition  to  this  local  evidence,  there  is  that 
derived  from  the  analysis  of  the  dip  of  the  strata  over  the  basin  as  a 
whole.  Despite  the  apparently  synclinal  structure  in  the  James  River 
section  and  elsewhere  south  of  that  region,  it  is  a  recognizable  fact  that 
there  is  a  westward  tilt  to  the  strata  in  the  basin  without  effectively 
compensating  eab'tward  dips  along  the  western  margin.  This  difference 
of  level  between  the  eastern  and  western  sides  of  a  basin,  the  strata 
of  which  were  probably  once  more  nearly  horizontal  than  they  now  are, 
can  be  satisfactorily  explained  only  by  the  dropping  down  of  the  basin 
step  by  step  along  faults  or  flexures  or  by  heavy  faulting  on  the  down- 
thrown  side. 

Viewed  in  this  way,  the  Richmond  Basin  exhibits,  in  unmistakable 
characters,  the  dominant  type  of  structure  of  the  several  Newark  basins 
west  and  south  of  the  Hudson,  viz.,  a  westward  tilt  accomplished  by 
a  series  of  faults  arising  in  the  pre-Newark  gneissic  terrane,  with  down- 
throws on  the  west. 

STRUCTURE  OF  THE  INTERIOR  OF  THE  RICHMOND  BASIN. 
THE  AREA  NORTH  OF  THE  JAMES  RIVER. 

JAMES  RIVER  SECTION. 

The  structure  of  the  Richmond  area  on  the  north  side  of  the  James 
River  is  roughly  synclinal  along  the  river  bank,  changing  to  a  westward- 
dipping  fault  block  at  the  northern  narrowed  end  of  the  basin.  This 
change  may  be  conceived  as  having  been  accomplished  by  the  erosion 
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of  the  upturned  western  margin  in  the  northern  part  of  the  field,  or, 
since  the  floor  of  the  basin  rises  from  the  James  Eiver  to  the  northern 
end,  the  result  may  be  said  to  have  been  effected  by  the  denudation  of 
the  western  flank  of  the  faulted  syncliue,  or  graben,"  which  flank  prob- 
ably originally  lay  over  the  western  margin.  The  synclinal  structure,  so 
called,  finds  its  best  expression  in  the  section  exposed  along  the  north 
bank  of  the  James.  In  the  sense  that  a  syncline  is  a  part  of  a  system 
of  folded  strata,  however,  this  cross  section  deserves  another  name.  It 
is  rather  a  series  of  westward-dipping  monoclines  or  flexures  extending 
from  the  eastern  margin  westward  to  a  zone  of  faulted  and  folded  struc- 
ture, the  dip  of  which  is  mainly  eastward.  It  is  the  flexurgraben"  of 
the  German  geologists,^  complicated  with  faults,  which  latter  struc- 
tures, owing  to  the  relation  of  the  Piedmont  plateau  to  the  depressed 
sediments,  appear  mainly  as  boundary  faults. 

The  great  flexures,  now  much  broken,  which  bring  the  coal  measures 
up  on  the  margins  of  the  basin  may  be  interpreted  as  the  expression  in 
the  soft  ilTewark  strata  of  fractures  in  the  underlying  granitic  and 
gneissic  terrane.    From  them  we  infer  a  large  downsunk  block  of  the 
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Fig.  102. — Structure  of  the  James  River  section.  A,  minor  flexures ;  f,  f,  faults.  The  superficial 
portion  of  this  section  is  based  on  observation  and  reliable  information ;  the  deeper  portion  is 
hj-pothetical.    The  heavy  black  band  represents  the  supposed  position  of  the  coal  beds. 

pre-Newark  terrane.  In  the  middle  of  the  basin  this  block  is  traversed 
by  minor  fractures,  along  which  it  is  downthrown  to  the  west.  Where- 
ever  we  see  the  Newark  strata  immediately  overlying  the  broken  sur- 
face of  the  pre-i^'ewark  terrane,  as  we  do  along  the  upturned  margins 
of  the  basin  in  the  coal-bearing  shales,  we  find  abundant  evidence  of 
the  extension  of  the  fractures  into  the  sediments  overlying  the  crushed 
granite  and  gneiss.  The  fractures  frequently  die  out  upward  as  flex- 
ures. It  is  for  this  reason  that  only  the  greater  faults  affect  the  higher- 
lying  sediments  found  within  tlie  central  tract  of  the  Kichmond  area. 
The  faults  and  flexures  are  thus  related  phenomena,  expressing,  in 
materials  of  diflerent  resistance  to  stress,  the  effects  of  a  common  oro- 
genic  movement — the  fracturing  of  the  buried  pre-Newark  land  mass. 

The  gradual  drop[)ing  of  the  strata  in  the  mid(Ue  after  passing  the 
down-bent  eastern  margin  of  the  area  shows  that  the  de("])est  i)art  of 
the  basin,  on  the  assumption  that  the  strata  are  uniformly  thick  from 


De  Margerie  et  Ueiiu  :  Les  dislocations  de  r6corce  terre.stro,  Zurich,  1888,      27,  'M . 
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east  to  west,  is  near  the  western  margin,  at  the  ^' lower  bend"^  of  the 
flexure  on  that  side  of  the  basin.  The  flexures  by  which  this  successive 
lowering  of  the  strata  in  platforms  is  accomplished  vary  in  throw  and 
in  the  dip  of  the  strata  involved.  The  dips  vary  from  5°  to  25°  west 
in  the  James  River  bluff.  From  a  rough  estimate,  based  on  the  scanty 
data  afforded  by  exposed  flexures,  it  seems  highly  probable  that  the 
western  side  of  the  flat  tract  must  be  lower  than  the  eastern  by  an 
amount  equal  to  the  height  of  the  bluff,  or  about  150  feet. 

The  faulted  structure  of  the  eastern  margin  was  revealed  in  a  small 
shaft  sunk  on  the  western  bank  of  Tuckahoe  Creek  by  Mr.  Eobert 
Snead,  of  Richmond,  Virginia.  According  to  his  verbal  account  a  shaft 
was  sunk  to  the  depth  of  412  feet  and  a  bore  hole  was  put  down  To  feet 
farther.  The  sole  bed  of  coal  was  met  about  100  feet  above  the  bottom 
of  the  shaft.  This  bed  was  "6  feet  tair';  it  was  worked  upward  on  the 
dip,  or  eastwards  toward  the  surface,  until  a  ^'trouble",  evidently  a 
fault,  was  encountered.  The  so-called  Scott  pit  was  sunk  at  the  base 
of  the  hill,  in  the  valley,  on  apparently  the  same  layer  of  coal,  until  the 
"trouble"  was  encountered.  Mr.  Snead  states  that  "whin  rock",  the 
diabase  of  this  field,  was  found  in  the  dislocation,  and  that  the  coal 
was  thrown  down  on  the  east  side  of  the  fault.  The  structure  at  this 
locality  is  not  perfectly  clear. 

About  2,000  feet  west  of  Tuckahoe,  along  the  river  bluff,  horizontal 
sandstones  with  shale  bauds  succeed  to  the  inclined  strata  on  the  east. 
On  the  east  side  of  the  stream  there  is  a  width  of  outcrop  of  inclined 
beds  probably  as  great  as  that  on  the  west,  makiug  in  all  less  than  4,000 
feet.  The  uncertainty  regarding  the  structure  in  this  belt  makes  any 
calculation  upon  the  thickness  almost  worthless,  although  an  estimate 
varying  between  500  and  1,000  feet  would  probably  include  the  beds. 

About  450  feet  west  of  the  exposure  of  horizontal  strata  above  men- 
tioned a  bed  of  sandstone  dips  20°  westward,  affording  an  example  of 
one  of  those  flexures  which  characterize  the  interior  of  the  Richmond 
Basin.  Gentle  westerly  dips  continue  for  about  500  feet;  thence  the 
strata  are  nearly  flat  to  the  Tuckahoe  siding  of  the  Chesapeake  and 
Ohio  Railway.  From  this  point  westward  to  Goat  Hill,  beyond  Yinita 
station,  occasional  flexures  appear  in  the  bank,  by  which  the  thick 
sandstone  bands  and  intercalated  shale  beds  drop  down  to  the  west  and 
continue  flat  at  a  lower  level.  There  is  no  appearance  of  faulting  in 
these  minor  flexures  at  the  level  of  the  ground. 

Between  Goat  Hill  and  Cornwallis  Hill  (the  gneissic  fault  block  before 
alluded  to)  the  coal  shales  and  Estheria  beds  come  to  the  surface  and 
occupy  the  western  margin  of  the  area.  Their  softness,  dependent  on 
the  larger  proportion  of  shale  beds  and  their  broken  condition,  have 
made  them  give  way  to  erosion,  so  that  the  river  valley  has  widened  out 
in  the  vicinity  of  Manakin  station,  giving  local  topographic  expression 
to  the  region  they  occupy  (see  PI.  XXXV). 


1  De  Margerie  et  Heim :  Dislocations  cle  I'ecorce  terrestre,  p.  26. 
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The  tilted  beds  on  the  western  border  have  a  greater  breadth  of 
outcrop  than  those  of  the  same  horizon  on  the  eastern  margin,  for  the 
reason  that  the  strata  are  repeated  by  folds  and  faults.  This  greater 
complexity  of  structure  is  marked  by  steeper  dips  and  overthrown  folds, 
which  are  almost  unknown  along  the  eastern  margin  of  the  main  field. 

Near  the  old  brick  church  at  Manakin  a  fault  of  a  few  inches  of 
throw  dips  45°  east,  with  a  downthrow  on  the  west  side.  The  shales 
are  crumiiled  along  the  fault  as  if  by  compression.  Some  additional 
structures  bearing  on  the  type  of  dislocations  in  the  basin  are  given 
below  in  the  matter  concerning  the  details  of  the  strata  in  this  section. 

Stratigraphy  of  the  James  River  section. — The  strata  in  the  James 
Kiver  bluff,  by  far  the  longest  natural  section  in  the  basin,  are  fairly 
well  exposed  in  the  old  road  passing  by  the  ruined  brick  stable  at  . 
Tuckahoe.  At  this  place  there  is,  below,  a  dark  drab  argillaceous 
sandstone,  cut  by  ragged  edged  joints  into  irregular  quadrangles  (see 
PI.  XXXVI).  Above  this  comes  a  coarse  granitic  sandstone  of  the 
arkose  type,  nearly  white  in  color,  but  locally  marked  by  gigantic  spheri- 
cal shells  of  iron-oxide  stains  surrounding  a  white  center  (see  PI. 
XXXYII).  The  light  color  of  this  stone  appears  to  be  the  natural  color 
of  the  granitic  sandstones  in  this  basin,  as  the  deep  boring  at  Midlothian 
goes  to  show.  These  iron  stains  appear  to  be  effects  of  the  weathering 
of  the  rocks  and  the  oxidation  of  the  iron  which  they  contain.  The 
concretionary  arrangement  of  the  stains  shows  clearly  that  the  iron 
oxides  have  been  distributed  in  this  manner  since  the  dei)osition  of 
the  rock.  East  of  the  station,  in  the  first  ravine  on  the  west  of  Tuck- 
ahoe, Estheria  shales  crop  out  in  a  bed,  which  is  probably  between  the 
drab  beds  and  the  coarse  sandstones  above  noted.  At  a  few  points 
the  thick-bedded  sandstones  have  been  quarried  to  a  limited  extent. 

Beneath  these  strata,  at  the  western  base  of  Goat  Hill,  sandy  shales 
crop  out,  with  numerous  bands  of  black  shales,  containing  abundant 
flattened  casts  of  Estheria.  While  shales  predominate,  there  are  a 
few  thick  sandstone  beds,  making  small  spurs  on  the  river  bank.  The 
smudging  of  the  outcrops  by  the  creep  of  the  decomposed  shales  makes 
the  delineation  of  the  section  very  uncertain. 

A  typical  exposure  of  the  coal-bearing  strata  occurs  near  the  west- 
ern edge  of  the  main  basin.  The  f  ollowing  detailed  section  was  there 
measured  for  the  purpose  of  illustrating  the  type  of  sedimentation  and 
the  structure  of  a  limited  portion  of  the  western  margin. 
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Details  of  a  natural  section  near  ManaMn^  Virginia. — A  gully  just  east 
of  the  brook  coming  down  the  east  side  of  Gornwallis  Hill  exposes  the 
following  stratigraphic  and  structural  features : 

Section  in  gully  near  Manahin,  Virginia,  beginning  at  the  upper  (north)  end  of  gully  and 
top  of  section.    Direction  of  gully,  N.  17^  W. 


strata. 


Shales,  sandy  

Shales,  reddish  

Sandstone,  thin  bedded    

Shales,  reddish  

Sandstone  

Shales  

Sandstone  

Shales  with  sandstone  partings  

Sandstone,  brown  at  surface  

Shales,  reddish  purple,  with  local  faulting  

Shales,  brown  and  sandy  

Sandstone  , 

Shales  

Sandstone  

Shales  

Sandstone  , . 

Shales  

Sandstone  

Shales,  reddish  purple,  carbonaceous  in  seams  . . 

Sandstone  

Shales,  brownish  red  

Sandstones  with  shaly  partings  

Sandstone  

Shales,  black  

Shales,  sandy,  laminated,  faulted  

Sandstone  

Shales,  brown  mud  at  surface  

Shales,  black,  with  Estheria  

Shales,  brown,  sandy,  and  slickensided  

Shales,  carbonaceous  

Shales,  sandy,  brown,  laminated  '.  . . . 

Shales,  with  joints  stained  by  iron  oxide,  light 
brown  

Shales,  black,  thin-laminated,  and  carbona- 
ceous, with  1-inch  sill  of  decayed  trap.  The 
shale  below  the  sill  is  concretionary  with  iron 
oxide  at  contact.  Ganoid  fish  scales  abundant 
in  upper  part  of  the  shale.  Estheria  ovata; 
small  variety,  also,  present  
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Strata. 


Shales,  brown,  sandy  

Shales,  grayish,  with  bits  of  plants  and  molds  of 
ganoid  scales,  and  blackish  concretionary 
stains  

Shales,  brown,  sandy  

Shales,  carbonaceons,  1  inch  to  

Shales,  laminated,  sandy  

Shales,  with  ironstone  concretions  

Coal,  6  inches  to  

Shale,  carbonaceous  

Shale,  brown,  sandy  

Sandstone  

Shale,  brown  

Shale,  blue,  with  a  1-inch  layer  of  coal  near  top.. 

Sandstone  with  rolled  and  broken  shale  

Shale,  brownish  

Coal,  3  inches  to  

Shales,  laminated,  sei)arated  from  rocks  above 
by  a  fault,  amount  of  throw  unknown  

Coal,  with  shale  partings,  6  inches  to  

Shale,  ferruginous  

Coal,  1  inch  to  

Shales,  mottled  

Coal,  shaly  

Shale  

Sandst<me  

Shale  

Sandstone,  probably  

Shale  

Sandstone,  red  brown  

Shale,  brown  

Sandstone,  brown,  shaly,  6  inches  to  

Shale,  grayish  

Shale,  dark  gray  

Coal 

Shales,  l»rown 
Sandstone,  red  brown 
Shales,  bluish  gray,  3  inches  to 
Sandstone,  gritty,  brown 
Sandstone,  brown 
Shales,  lnown.  laniiiiatcd  ;   Caulted,  downthrow 
to  the  east 
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Section  in  gully  near  Manakin,  Virginia,  etc. — Continued- 


Strata. 


Sandstone,  fine  brown  

Shale,  with  carbonaceous  traces  

Sandstone  

Shales,  brown  and  red  

Sandstones,  feldspathic  with  smoky  quartz  veins  . 

Shales  

Sandstone  

Shales,  with  carbonaceous  layer  near  top  

Sandstone  

Shale,  cut  by  red-clay(?j  dikes  

Sandstone,  veined  with  small  smoky  quartz  crys- 
tals and  cut  by  a  small  fault  

Shale,  light-brown  

Sandstone,  fine,  brown,  micaceous  

Shale  

Sandstone,  gritty    

Shale,  in  red  and  yellow  bands  

Sandstone;  arkose  with  smoky  quartz  crystals; 
strike  of  veins  N.  38^  E.  in  bottom  of  bed  

Shale,  with  thin  seams  of  arkose ;  3  inches  to  

Sandstone,  brown  

Shales,  laminated  to  sandy  

Sandstone,  gritty  

Shales,  red-brown,  sandy  

Sandstone,  fine,  brown  

Shales,  passing  upward  into  next  above  

Sandstone,  with  red  pasty  dikes,  dip  60°  W.  1  foot 
to  about  

Shales,  fine,  sandy  

Sandstone,  brown,  micaceous,  gritty  and  faulted. 

Shales  

Sandstone,  brown,  micaceous  

Shales,  brown  

Sandstone,  fine,  with  shaly  partings  

Shales,  sandj^  

Coal;  strike  N.  24°  E.    A  lens  from  0  inch  to  

Shales,  with  sandstone  lenses.  The  shales  weather 
with  red  faces.  Numerous  small  slips  occur 
with  the  downthrow  on  the  east.  There  are  a 
few  minute  veins  of  smoky  quartz  at  base  of 
the  bed  in  an  arkose  layer  

Sandstone  
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Section  in  gully  near  Manakin,  Virginia,  etc. — Continued. 
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'Strata. 

Shales  

Sandstone  

Shales,  coarse,  red  and  brown  

Sandstone,  brown  

Shales  

Sandstone  

Sandstone,  grit  with  granitic  detritus  

Shales,  cut  by  small  faults  

Sandstone  

Shales,  sandy  and  laminated  

Sandstone,  brown,  micaceous  

Shales,  purple  with  small  faults;  1  inch  to  

Sandstone,  line,  brown  

Shales,  mottled  red  and  white  

Sandstone  with  ferruginous  concretions ;  brown 
yellow ;  thickness  at  least  

Shale,  with  ferruginous  concretions    

Sandstone,  strike  N.  24°  E  

Shales,  brown,  thickness  unknown.  The  sand- 
stone above  named  now  reappears,  bending 
around  the  shales  so  as  to  strike  N.  48°  W. 
The  following-named  beds  are  the  continua- 
tions, in  reverse  order,  of  the  beds  above  the 
shale.  These  thicknesses  are  given  for  the 
sake  of  comparison  ;  they  should  not,  of  course, 
be  added  to  the  preceding  in  obtaining  a  total 
for  the  section  

Sandstone,  Just  mentioned  

Shales,  brown  

Sandstone,  light-brown,  micaceous,  pinching  out 
from  3  feet  to  

Shales,  brown;  strike  X.  41°  W.,  dip  45°  S  

Sandstone,  brown,  micaceous,  with  concretions 
at  base  

Shales,  brownish  and  micaceous  

Sandstone,  vertical  
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It  is  not  now  ascertainable  whether  this  section  lies  above  or  below 
the  main  coal  horizon  on  the  western  margin.  It  serves,  however,  to 
give  an  idea  of  the  sedimentary  conditions  aloDg  the  present  western 
margin  during  the  coal-making  time.  There  was  a  frequent  alternation 
of  sands  and  muds,  with  occasional  importations  of  arkose,  but  pebbles 
are  in  this  section  entirely  wanting.  The  coals  are  lenticular  seams, 
beginning  and  ending  with  shale-making  conditions. 

THE  GAYTON  SECTION. 

The  mines  at  Gayton  (Carbon  Hill  of  the  old  reports)  afford  a  view 
of  the  structure  a  few  hundred  feet  from  the  margin  on  the  east. 
The  general  structure  is  essentially  unchanged  from  mine  to  mine. 
Exploitation  of  the  ground  has  shown,  however,  that  the  coal  beds  are 
not  parallel  in  going  from  north  to  south.  The  coal  beds  are  three  in 
number,  the  upper  workable  layers  varying  from  4  to  9  feet  in  thick- 
ness, including  coke.  .  The  coal  beds  are  underlain  by  a  considerable 
thickness  of  sandstones  and  arkose  beds.  The  latter  beds  are  shown 
in  the  stream  east  of  the  mines. 

The  strata  dip  westward  at  the  usual  angle  aloug  the  eastern  mar- 
gin. A  small  fault  with  a  downthrow  of  a  few  feet  on  the  east  was 
encountered  in  the  Saunders  slope  in  1896.  The  strata  probably  do  not 
lie  flat  for  any  great  distance  west  of  the  present  workings  at  Gayton. 
On  the  western  bank  of  Tuckahoe  Greek,  at  a  point  about  seven -eighths 
of  a  mile  due  west  from  the  mines,  the  !N'ewark  shales  dip  steeply  west- 
ward, apparently  along  the  line  of  a  strong  flexure  or  fault,  which  can 
be  traced  from  the  James  Eiver  to  this  point.  It  is  almost  inconceiv- 
able, when  the  structure  of  the  basin  as  a  whole  is  considered,  that 
so  marked  a  disturbance  of  the  strata  shown  at  the  present  surface 
should  not  influence  the  attitude  of  the  underlying  coal  measures.  If 
the  general  conclusion  reached  in  this  report — that  the  displacement 
in  the  I^^ewark  rocks  increases  with  the  depth — be  true,  the  underlying 
coals  at  that  point  should  be  much  disturbed.  On  the  western  border, 
opposite  Gayton,  sandstones  and  shales  dip  eastward,  in  the  manner 
described  in  the  account  of  this  portion  of  the  boundary,  giving  to  the 
Gayton  section  a  synclinal  aspect. 

THREE  CHOP  ROAD  SECTION. 

Owing  to  heavy  rains  the  gullies  of  this  road  were,  in  the  month  of 
June,  1897,  in  a  condition  to  expose  a  fairly  continuous  section  across 
the  northern  extremity  of  the  basin.  In  September  of  the  same  year 
most  of  this  interesting  section  was  obscured  by  the  shifting  of  sands 
and  by  the  repair  of  the  highway.  As  a  whole,  the  section  exhibits 
westerly  dips,  with  angles  varying  from  15^  to  30°.  The  occurrence  of 
these  westerly  dips  toward  the  gneiss  of  the  western  border  has  already 


SHALER  AND 
WOOD  WORTH. 


SECTION  THROUGH  MIDLOTHIAN. 


475 


been  adverted  to  as  sufficient  reason  for  believing  that  this  line  is 
determined  by  faulting. 

Beginning  on  the  east,  compound  conglomerates,  with  pebbles  of 
granite  and  gneiss  up  to  6  inches  in  diameter,  are  scattered  through 
about  100  feet  of  sandy  strata  near  the  base,  the  actual  position  of  which 
is  not  seen.  These  beds  dip  from  25°  to  30^  west.  They  are  succeeded 
by  sandstones  and  more  conglomerates,  and  it  is  reported  that  coal 
has  been  found  in  the  vicinity  of  Coal  Hill.  At  a  distance  of  about 
2,000  feet  west  of  the  margin  sandstones  with  whitened  layers  and 


Fig.  103. — The  Three  Chop  road  section;  f,  boundary  fault.  This  section  is  wholly  ideal  so  far  as  the 
structure  of  the  underlying  gneiss  is  concerned.  The  ^Newark  rocks  are  made  to  represent  observed 
structures  and  strata  at  surface  extended  underground. 


veins  occur,  recalling  very  similar  strata  which  are  found  west  of  Win- 
terpock  along  the  roadside  at  Mantua.  Toward  the  west  the  dips 
locally  flatten,  but  return  quickly  to  the  western  dip.  In  this  portion 
of  the  section  there  is  also  a  limited  exposure  of  quartz  pebble  beds. 


The  southern  bank  of  the  James  is  more  gentle  and  sloping  than  the 
northern  wall,  and  fewer  opportunities  are  offered  for  the  examination 
of  the  attitude  of  the  strata.  Enough  is  shown,  however,  to  warrant 
the  statement  that  the  same  beds  which  appear  in  the  bluff  in  Goochland 
County  cross  the  river  without  faulting  or  disturbance  marking  the  site 
of  the  river.  The  fact  that  the  coal  beds  have  been  followed  beneath 
the  river  in  the  Burfoot  tract  on  the  eastern  margin  is  sufficient  evi- 
dence of  the  continuity  of  the  coals  in  that  direction  on  a  line  with 
those  of  the  northern  side  of  the  river. 

The  principal  available  lines  for  sections  in  this  area  are  as  follows: 

1.  Through  Midlothian,  along  the  line  of  the  Buckingham  turnpike. 

2.  Through  Otterdale,  in  the  Swift  Creek  region,  following  the  Genito 
road. 

3.  Through  Winterpock  (Clover  Hill  of  the  old  reports),  across  the 
area  to  tlie  vicinity  ofGoode  Bridge. 

GEOLOGIC  SECTION  THROUGH  M I  DLf  )Tn  I  AX  AL()N(r  THE  TURNPIKE. 

A  geologic  section  constructed  upon  the  data  afforded  by  the  natural 
exposures  within  a  mile  or  two  north  and  south  of  the  turnpike  passing 
through  Midlothian,  while  it  must  fall  short  of  certainty  as  regards  the 
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depth  of  the  basin  and  the  thickness  and  number  of  the  strata,  can  not 
fail  to  throw  some  helpful  light  on  the  general  geologic  structure  of 
the  region,  particularly  since  no  attempt  has  heretofore  been  made  to 
represent  the  surface  aspect  of  the  bed  rocks  along  this  line.  Only 
the  extreme  eastern  and  western  portions  of  this  line  are  at  present 
definitely  known  by  explorations  in  mines  or  drill  holes. 

According  to  the  best  evidence  now  obtainable  from  the  old  work- 
ings, i.  e.,  the  published  writings  of  Heinrich  and  Clifford  and  the  small 
visible  outcrops  in  the  vicinity  of  Midlothian,  the  general  section  is  in 
that  part  of  the  field  essentially  as  represented  in  the  accompanying 
diagram  (fig.  104). 

The  attitude  of  the  beds  in  -the  detached  basins  near  Midlothian  may 
reasonably  be  explained  in  accordance  with  Eussell's  suggestion  by  the 
fau.lting  and  dragging  of  the  strata  on  the  fault  planes.  If  we  con- 
ceive of  these  faults  as  arising  in  the  granitic  basement,  and  of  the 
overlying  strata  as  flexing  and  stretching  over  the  uplifted  areas  in  the 
granitic  floor,  some  of  the  peculiarities  of  the  strata  as  the  beds  now 
exist  may  be  better  understood.  Russell  supposes  that  the  beds  in 
these  detached  areas  rest  in  original  sedimentation  contact  on  the  tilted 
granite  on  their  eastern  margin,  are  cut  ofl"  by  eastward-dipping  faults 


Fia.  104.— Section  through  Midlothian,  showing,  A,  A,  outlying  basins  and  the  main  coal  measures ; 
f  f,  places  of  observed  faults.  The  deeper  parts  of  this  section  are  bj'jjothetical.  The  heavy  black 
band  represents  the  supposed  position  of  the  coal  beds. 

along  their  western  margins,  and  that  the  drag  in  these  faults  has 
thrown  the  beds  up  so  that  there  is  a  double  line  of  outcrop  of  the  coal 
in  each  basin. 

From  what  can  be  learned  of  the  general  structure  of  the  coal  meas- 
ures along  this  border  of  the  field  and  of  the  surface  of  the  granitic 
floor,  faulting  in  the  basement  rocks  has  taken  place  so  as  to  produce 
heaved  and  down  thrown  blocks  or  ''horsts"  and  "graben,"  respectively. 
The  soft  shales  and  coals  have  thickened  in  the  flexure  graben  or 
depressed  areas,  and  the  same  layers  have  thinned  out  over  the  horsts 
or  upheaved  areas.  Thus,  while  faulting  may  have  actually  broken 
the  rigid  granitic  base,  the  overlying  sediments  may  have  simply 
yielded  interstitially  or  by  the  slipping  of  the  comminuted  beds.  The 
slickensided  shales  afford  evidence  of  this  creeping  movement. 

This  modification  of  Russell's  view  makes  it  possible  to  account  for 
the  excessive  drag  on  the  western  margin  of  these  detached  basins. 
The  general  structure  of  the  Blackheath  and  Cunlift'e  basins  thus'  con- 
forms with  the  flexure  type  as  above  explained. 

In  the  main  basin  the  strata  exposed  at  the  surface  dip  strongly 
westward  as  far  as  the  vicinity  of  the  Midlothian  railway  station.  The 
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average  dip  is  about  25°.  At  this  point  the  beds  flatten  and  a  small 
broad  anticline  appears  in  the  railroad  cut.  This  structure  appears  to 
have  a  north-and-south  axis.  The  so-called  ''Sinking  shaft,"  the  most 
western  of  the  shafts  and  bore  holes  on  the  south  side  of  the  turnpike 
in  Midlothian,  was  probably  sunk  upon  the  axis  of  this  uplift. 

The  Salisbury  drill  hole. — The  section  obtained  in  a  boring  on  the 
Salisbury  property  revealed  an  alternation  of  sandstone  of  the  arkose 
type,  generally  gray  in  color,  with  shales.  Beginning  with  nearly  hori- 
zontal strata  at  the  surface,  the  drill  at  a  depth  of  900  feet  passed 
through  beds  with  a  marked  westerly  dip,  which  increased  rather  than 
diminished  toward  the  bottom  of  the  drill  hole.  Boring  was  stopped 
in  shales  underlying  a  bed  of  coke  at  a  depth  of  2,380  feet.  The  coke 
is  traversed  by  a  gray  decomposed  dike  and  one  of  apparently  fresh 
diabase  of  later  date.    The  basal  granite  was  not  reached. 

The  structure  of  the  middle  of  the  basin,  where  traversed  by  this 
section,  is  best  shown  on  the  south  side  of  the  line  in  the  cuts  of  the 
Southern  Bailway  between  Dry  Bridge  and  Hallsboro.  Near  Dry 
Bridge  the  steep  western  dips  of  the  eastern  margin  reappear,  disprov- 


FlG.  105. — Section  of  beds  on  west  slope  of  High  Hill.  The  conglomerate  above  the  folded  Newark 
beds  is  the  supposed  Lafayette.  The  surface  exposures  along  this  line  west  of  High  Hill  show 
mainly  westerly  dips. 

ing  the  belief  that  the  middle  of  the  basin  is  relatively  flat  throughout, 
with  less  disturbance  than  on  the  margin.  A  dike  of  diabase  20  feet 
wide  traverses  this  section  on  a  north-northwest  course.  North  of  the 
turnpike,  in  Manakintown  Creek,  the  Newark  beds  lie  in  a  less  dis- 
turbed position.  On  the  Le  Prade  place,  a  washout  in  the  turnpike 
exposes  beds  dipping  25^  west,  cut  ott*  by  a  fault  from  strata  on  the 
east  lying  at  a  less  angle.  The  amount  of  throw  on  this  fault  has  not 
been  determined. 

Farther  west,  in  Powhatan  County,  the  Newark  strata  are  exposed 
on  the  sides  of  High  Ilill,  a  prominence  traversed  by  the  turnpike. 
The  eastern  slope  of  tliis  hill  exhibits  brownish  and  light-colored  sand 
stone  beds  thrown  into  contortions  which  are  not  readily  diagnosed. 
The  dips  vary  from  vertical  to  liorizontal,  broad  stretches  of  outcrop 
dipping  from  4.">'^  to  ItO"^  west.  The  High  Hill  dislocations  are  in  line 
with  the  Cornwallis  Hill  fault  block. 

On  the  west  slope  of  this  hill  the  section  is  composed  of  sandstone 
and  shales.    These  beds  are  thrown  into  gentle  folds  (see  fig.  105). 
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THE  SWIFT  CREEK  DISTRICT. 


Throughout  this  region,  the  broadest  part  of  the  Eichmond  area, 
there  is  a  marked  departure  of  the  strata  from  the  horizontal  attitude. 
Following  the  Genito  road  into  the  area  from  the  eastern  border  the 
strata  at  the  surface  show  westward  inclinations,  varying  from  30°  near 
the  margin  to  angles  of  from  5^  to  10°  at  a  distance  of  2  miles.  On  the 
west  bank  of  Swift  Creek  the  strata  are  almost  flat,  but  the  same  beds 
traced  around  the  bank  of  the  creek  to  the  westward  assume  a  high 
dip  to  the  southwest.  Swift  Creek  appears  to  have  sought  out  soft 
strata  thus  turned  up  by  a  fold  or  a  fault. 

About  2  miles  west  of  Otterdale,  northeast  and  southwest  strikes, 
with  easterly  dips,  appear,  and  this  structure  continues  to  within  a 
mile  and  a  half  of  the  western  border,  where  the  strikes  becomes  more 
nearly  north  and  south. 

Section  on  the  Turl^ey  Branch  of  Swift  Greelc. — One  of  the  most  com- 
plete natural  exposures  of  the  lower  membet's  of  the  I^ewark  group  in 
the  Eichmond  Basin  occurs  on  the  western  margin,  near  Mosley  Junc- 
tion, in  the  headwaters  of  Turkey  Branch  of  Swift  Creek  (see  PI. 
XXXYIII).  In  the  summer  of  1896  heavy  rains  had  washed  down  the 
sand  in  the  bed  of  this  stream,  so  that  the  bottom  was  unusually  free 
from  detritus,  and  the  following  section,  giving  a  record  of  over  1,000 
feet  in  thickness  of  strata  from  the  base  up,  was  observed : 

TnrJcey  Branch  section.    (In  descending  order.) 


Strata. 


Clay,  sandy,  dip  45"^  E  

Conglomerate  

Clay,  white  

Sandstone,  pebbly,  dip  steep  east . . .-  

Conglomerate  

Sandstone,  coarse,  gray  

Shale,  green  

Shale,  red  with  green  streaks,  dip  90°  

Sandstone  

Shales,  green  

Sandstone,  pebbly  near  top,  dip  45°  E  

Shales,  green  and  red  

Shales,  sandy,  red  and  green  

Conglomerate,  with  quartz  pebbles  from  3  to  5  inches 

long  

Shale,  red  

Shale,  green  

Conglomerate,  dip  45°  E  


Exposures  |  Thickness 
(measured). i  (computed). 


Feet. 

Feet. 

15 

10. 60 

12 

8.48 

8 

5.  65 

72 

50.  90 

5 

3.53 

8 

5.65 

16 

11.31 

48 

33.93 

20 

14. 14 

32 

22.62 

27 

19.  08 

38 

26. 86 

5 

3.  53 

6 

4.24 

36 

25.  45 

20 

14. 14 

36 

25.  45 

38 
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strata. 


Sandstone  

Sandstone,  with  cross  bedding  or  local  unconformity 
at  east  end  of  an  18-foot  bed;  overlying  the  pebbly 
sands,  dip  15^  E,  and  the  underlying  layers  are 
nearly  vertical,  indicating  probably  an  over- 
thrust.    (See  PI.  XXXVIII,  station  1,800.) 

This  exposure  extends  in  the  creek  

No  exposures  

Sandstone,  pebbly  

Clay,  greenish  

Sandstone,  fine-grained,  dip  about  45*^  E  

Clay,  sandy,  light  greenish  to  brown  

Sandstone,  brown  

Clay,  greenish  

Sandstone  

Clay,  green  

Sandstone,  dip  45°  E  

Shales,  green,  dip  60^^  or  more  E  

Shales,  red  and  brown  

Sandstone  

Shales,  red,  dip  45°  E  

Clay,  light  green  

Sandstone,  with  pebbly  bands  

Clay,  red  and  green  

Sandstone,  dip  45°  E  

Shales,  bituminous,  6  inches  thick,  with  

Shales,  light-colored,  12  inches  ^ 

Sandstone,  dip  70°   

Shale,  greenish  

Shale,  red  

Sandstone,  greenish,  dip  80°  E  

Sandstone,  brown  

Shales,  greenish  

Sandstone  

Shale,  red  and  green,  dip  about  70^  E  .  

Sandstone  

Shale,  red  

Shale,  green    

Shale,  red  

(Wi'Hi  a  fault,  dip       E,  cutting  out  this  red  shale 

b.  d.    See  section,  PI.  XXX\'III,  at  station  1,400.) 


Exposures 
(measured) 


Feet, 
30 


Thickness 
(computed). 


Feet. 
21.21 


18 

12.72 

6 

4. 24 

6 

4.  24 

9 

6.  36 

15 

10.  60 

18 

12. 72 

6 

4. 24 

1 

.70 

2 

1.41 

6 

4.24 

18 

12.  72 

3 

2.  12 

44 

31. 10 

6. 

4.24 

50 

35.35 

8 

5.65 

15 

10. 60 

6 

4.24 

41 

28.  98 

1.5 

1.06 

4 

3.76 

10 

9.  40 

15 

14. 10 

4 

3.  92 

10 

9.  40 

8 

7.52 

fi 

5.61 

37 

34.  78 

6 

5.  (54 

2 

1.73 

2 

1.73 

3 

2.  59 
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Turkey  Branch  section.    (In  descending  order) — Continued. 


Strata. 


Sandstone  

Shale,  red  

Clay,  green  

Sandstone,  containing  a  local  seam  of  coal  one-half 

inch  thick  

Conglomerate  

Shale,  brown  and  green,  exposed  on  south  bank 

facing  the  trap  on  north  bank  

Sandstone  

Diabase  dike,  exposed  in  branch;  at  locality  1,300. 

Sandstone,  brown  and  soft  

Sandstone,  fine  red  

Sandstone  ( ?),  brown  and  soft  

Sandstone,  dip  55-  E  

Shales  

Sandstone,  35-  E  

Conglomerate,  with  quartz  pebbles  3  inches  long  

Sandstone,  gritty  

Turkey  branch  diabase  dike  exposed  here ;  dike  12 

feet  wide,  nearly  vertical,  with  ball  weathering; 

strikes  N.  87^  E.,  and  is  partly  excavated  by  the 

stream. 

Clay,  green,  35°  E  

Grit  


Exposures 
(measured). 


Clay,  light-green,  dip  45-  E  

Sandstone  

Clay,  light-green  

Conglomerate,  with  quartz  pebbles  

Clay,  greenish  and  reddish  

Sandstone,  greenish-brown,  dip  50°  E  

Shales,  red  and  green,  under  bridge,  dip  45°  E., 

strike  NNE  

Sandstone  

Shales,  red  

No  exposures  for  about  80  feet,  equivalent  to  (  ?)  

Sandstone,  gritty,  dip  15°  E  

Conglomerate,  fine  

Clay  or  light-colored  fine  sand  

Clay,  sandy  and  pebbly  

Clay,  light-colored  

No  exposure,  but  probably  clay  


Feet. 
10 
6 
7 

12 
4 

5 
12 

5 
9 
3 
4 
14 
12 
18 
18 


6 
3 
2 
4 
3 
9 
11 
18 

24 


16 
14 
4 
3 
16 
18 


Thickness 
(computed). 


Feet. 

8.  66 

4.  24 

5.  65 

8.48 

2.  82 

3. 53 
8.48 

3.  53 

6.  36 
2. 12 
3.  27 

9.  89 
6.  88 

12.  72 
12.  72 


4.  24 
2. 12 
1.41 
2.82 
2. 12 

6.  36 

7.  77 
12.  72 

16.  96 
4.00 
10.00 
40.  00 
4. 14 
3.62 
1.03 
.87 
4. 14 
6. 19 
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Strata. 


Exposures 
(measured). 


Clays,  light-colored  

Sandstones,  brown  

Sandstone,  coarse,  gritty,  light-brown  

Sandstone,  fine  brown,  dip  40"^  E.'.  

Clays,  light-colored,  dip  40°  E.,  strike  N.  12^  E  

Sandstone,  slate- green  color  

Sandstone,  bed  C,  coarse  brown,  marked  by  small 
fall  in  bed  of  stream ;  joints,  N.  32^  E.,  N.  35° 
E.,N.  37°  E.,  a  few  scattered  pebbles  up  to  2 
inches  in  diameter  

Clay,  bed  B,  light-green,  with  sand  partings,dip  15°  E 

Sandstone,  bed  A,  brown ;  anticlinal  exposure,  base 
not  seen  

Clay,  bed  B,  slate-colored,  top  not  seen,  synclinal  ex- 
posure   

Sandstone,  bed  A;  fine  brown;  anticlinal  exposure, 
low  and  flat  fold;  the  bed  here  carries  nodules 
up  to  6  inches  in  diameter.  The  bed  is  overlain  in 
the  bank  of  the  brook  by  the  light-green  clay, 
bedB  

Clays,  bed  B,.with  sand  partings,  dip  25°  W  

Sandstone,  bed  C,  coarse  brown,  dip  30°  W  

Shale,  red,  bed  D,  dip  60°  W  

Sandstone,  bed  C,  brown  

(For  a  fault  at  this  pointsee  PI.  XXXVIII,  locality 
700,  and  fig.  B,  restoration  of  folds  before  over- 
thrusting  occurred.) 

Clay,  brownish-gre<'n,  bed  B,  partly  cut  out  by  fault 
on  south  side  of  brook,  but  from  10  to  12  feet 
thick  in  north  bank  

Sandstone,  varying  from  line  to  coarse  pebbly  near 
contact  with  clay  

Clay,  bed  B,  light-green,  dip  90-,  20  feet  

Unexposed;  probably  clay,  becoming  sandy,  near 


next 


Feet. 
15 
18 
27 
33 
25 
5 


27 
13 

9 

16 


51 
40 
9 
4 
3 


12 

23 


Shales,  l)ed  D,  red,  intersected  by  greenish  wall(!d 

joints,  dij)  vertical   S 

Clays,  light-colored,  sandy  and  pel)I)ly,  with  bands 

of  light-green  clay   7 

Sandstone,  brownish  ;ind  greenish   33 

Clays   15 

Shales,  red  and  <fr(  (  ii,  dip  (iO   E   3 


Thickness 
(computed). 


Feet. 
6.34 
9.00 
15.49 
21.54 
16.  40 
3.28 


6.  99 
3.  36 


(?) 
(?) 


(?) 

19.03 
4.50 
3.00 
3.00 


10.  00 


20.  00 
24.00 
8.  00 


19  GEOI.,  PI"  1'- 
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Strata. 


Clays  interstratified  witli  red  shales  

Sandstone,  bed  C,  coarse  brown  

Clays,  light-green,  wedging  out  at  north  bank  

Sandstone,  bed  A,  line  brown,  dip  45^  E.,  strike  N. 

20  E  

Unexposed,  but  probably  clays  

Clays,  bed  C,  unsatisfactory  exposures,  whitish  beds 

^vith  quartz  pebbles  

Sandstones,  bed  B,  anticlinal  exposure  

Clays,  bed  C  

Sandstones,  bed  B ;  anticlinal  exposure  

Clays,  bed  C,  dip  100  E   

Sandstone,  bed  B;  low,  flat  anticline,  tops  not  seen.. 

Clays,  bed  C,  top  not  seen    

Sandstone,  bed  B;  low,  flat  anticline,  with  schist 

breccia  

Clays,  bed  C,  dipping  gently  E.,  with  quartz  pebbles 
Unexposed,  probably  some  white  clays  Avith  the 

sandstone,  bed  B  

Pre-Newark  gneisses;  surface  dipping  gently  E  


Exposures 
(measured). 


Feet. 
16 
22 
25 

32 
80 

85 
13 
10 
20 
30 
6 
20 

30 
4 

60 


Thickness 
(computed) . 


Feet. 


Sucli  was  the  exce])tionally  complete  section  of  strata  exposed  in  this 
creek  in  189G.  In  1897  tlie  shifting  of  the  sands  downstream  had  con- 
cealed the  greater  part  of  the  outcrops. 

There  is,  as  will  be  seen  by  a  study  of  the  table,  au  alternation  of 
clays,  sands,  and  conglomerates,  the  texture  of  the  beds  generally 
increasing  in  coarseness  toward  the  upper  x>ortion  of  the  section. 
There  is,  strictly  speaking,  no'  basal  conglomerate.  In  its  place  we 
find  light-colored  clays  with  a  few  scattered  quartz  pebbles  and  a 
single  layer  of  brecciated  gueiss. 

The  colors  at  the  base,  mainly  those  of  rocks  bleached  of  their  iron 
contents,  show  an  association  of  red  and  green  shales,  with  brown 
sandstones.  The  thickness  of  the  individual  beds  increases  toward  the 
top  of  the  section. 

The  absence  of  coal  in  this  section  is  evidence  against  the  view  that 
the  coal  beds  extend  everywhere  under  the  basin.  Their  failure  to 
appear  on  the  western  margin  in  Turkey  Branch  can  not  here  be  due 
to  faulting,  unless  they  have  been  entirely  cut  out  in  the  part  of  the 
section  which  is  traversed  by  the  eastern  fault.  The  western  fault 
appears  to  be  bridged  by  the  strata,  as  shown  in  PI.  XXX VIII,  and 
no  coals  there  occur.    It  is  possible  that  some  coal  may  occur  in  that 
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part  of  the  section  near  the  base  in  which  rock  is  not  exposed  in  Tur- 
key Branch.  In  PI.  XXXVIII,  B,  the  rehitions  of  the  contorted  strata 
to  the  fault  are  worked  out  in  the  diagram.  It  is  thought  that  move- 
ments in  the  underlying  gneiss  first  i)roduced  folds  in  the  overlying 
strata;  then  faulting  took  place  in  the  lower  zone  so  as  to  cut  shari)ly 
through  the  folded  rocks  above. 

THE  WINTERPOCK  SECTION. 

The  Clover  Hill  mines  repeat  the  essential  features  of  the  more 
northern  sections  of  the  eastern  border.  Here  are  exhibited,  perhaps 
better  than  elsewhere,  the  phenomena  known  as  rolls,"  by  which  the 
coals  locally  disappear  by  the  arching  up  of  the  floor.  These  struc- 
tures extend  nearly  parallel  with  the  border  and  are  undoubtedly  asso- 
ciated with  the  monoclinal  attitude  of  the  strata.  The  beds  generally 
dip  westward  at  an  angle  of  about  25^.  The  approach  to  one  of  the 
ridges  above  noted  in  the  lioor  of  a  slope  or  incline  is  indicated  by  the 
lessening  of  the  dip,  which  may  become  horizontal,  giving  way  in  a  few 
yards  to  an  inclination  back  toward  the  east.  These  tlat  stretches  of 
strata  have  frequently  led  to  the  belief  that  the  horizontal  bedding 
of  the  middle  of  the  basin  had  been  reached.  Experience  in  the  Glover 
Hill  mines  has  shown  that  driving  through  these  ridges  on  the  same 
inclined  i)lane  as  the  coal  on  the  rise"  brings  the  miner  again  into 
the  coal  on  the  western  side  of  the  fold. 

In  some  of  the  mines  in  the  Midlothian  district  granite  has  been 
encountered  in  these  pinches.  It  is  probably  the  case  that  most  of 
these  arches  are  due  to  the  A-shaped  horsts  or  uplifted  blocks  of  the 
faulted  basement  rocks. 


Fig.  lOG. — The  AVinleipock  soctiou.  D,  IJ,  dikes  of  diabase;  f,  western  fault;  W,  Winterpock; 
M,  Mantua ;  Z,  Zoar. 

The  strata  are  not  well  exposed  between  Winterpock  and  the  Mantua 
estate,  where  weathered  sandstones,  red  shales,  and  whitish  clays  are 
found  in  a  nearly  horizontal  position.  On  the  western  margin  of  this 
estate  westerly  dips  set  in;  and,  so  far  as  observations  go,  alternating 
strata  of  sandstone,  for  the  most  part  brown  and  red  shales,  continue 
to  the  western  border,  where  the  Hat  beds  described  in  the  account  of 
the  boundary  a|)i)ear  resting  horizontally  for  a  short  distance  on  the 
gneiss.  The  gi  eatest  uncertainty  must  exist  (concerning  the  depth  jiiid 
thickness  of  the  strata  in  this  part  of  the  lield  until  it  is  examined  by 
means  of  the  diamond  drill.  The  section  given  in  fig.  is  merely 
intended  to  show  the  attitudci  of  the  beds  as  exposed  on  the  surface. 

In  tiie  area  south  of  that  above  noted  there  are  too  few  outcrops  to 
afford  a  satisfactory  ideii  of  tlie  succession  of  str;ita.  The  datn  obtained 
from  roadsides  and  streams  indicate  westerly  dii)S.    A  notiiworthy 
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ledge  of  sandy  conglomerate  occurs  south  of  the  Bevil  Bridge  road,  on 
the  Blaukinship  estate,  east  of  Cedar  Creek.  The  beds  of  this  rock 
ridge,  which  is  covered  with  a  luxuriant  growth  of  the  creeping  cactus 
or  prickly  pear  (Opuntia)  of  the  eastern  United  States,  have  a  marked 
westerly  dip. 

AREAS  OF  SPECIAL  STRUCTURE. 

An  examination  of  the  scanty  surface  exposures  of  the  strata  in  the 
Eichmond  basin  is  sufficient  to  show  that  the  strata  lie  in  diverse  atti- 
tudes in  different  parts  of  the  area.  In  general  it  may  be  stated  that 
the  northern  and  southern  ends  of  the  basin  have  a  monoclinal  struc- 
ture, with  mainly  westerly  dips. 

The  central  part  of  the  area  south  of  the  Midlothian  turnpike,  in  the 
drainage  area  of  Swift  Creek,  -shows  a  roughly  outlined  system  of 
transverse  folds,  the  axes  of  which  lie  athwart  the  general  direction  of 
the  basin.  A  broad  synclinal  area  or  trough  is  marked  out  by  these 
dips  between  the  Genito  road  and  the  Southern  Eailway  and  west  of 
Otterdale.  A  rude  arch  of  the  strata  is  less  satisfactorily  indicated  on 
the  south  side  of  this  structure.  Throughout  this  region  northeast  and 
northwest  strikes  occur,  often  in  such  juxtaposition  as  to  call  for  fault- 
ing as  a  feasible  explanation  of  the  discordant  structures. 

There  is  a  roughly  indicated  synclinal  area  south  of  the  James  Eiver, 
between  Bernard  Creek  and  the  eastern  border.  Along  the  eastern 
border  the  dips  are  quite  uniformly  westward  toward  the  center  of  the 
basin.  Dips  in  this  direction  have  been  observed  nearly  1  mile  west 
of  the  boundary,  indicating  the  general  width  of  the  upturned  border 
rocks.  In  the  drainage  region  of  Bernard's  Creek  and  its  tributaries, 
on  the  east  of  the  main  stream,  an  area  lying  in  the  middle  of  the  basin, 
the  observed  dips  are  eastward  and  southeastward  at  low  angles.  In 
Michaux  Branch  dips  as  high  as  30^  may  be  seen.  On  the  "river 
road,"  where,  going  westward,  it  descends  the  south  bank  of  the  James 
River  Yalley,  horizontal  sandstones  and  Estheria-bearing  shales  occur 
in  the  axial  area  of  the  trough  thus  structurally  outlined.  It  is  to  be 
suspected  from  the  structures  observed  at  Midlothian  that  minor  flex- 
ures of  the  strata  are  also  to  be  found  within  this  shallow  syncline. 

West  of  the  westernmost  exposures  thus  defined  the  strata  lie 
nearly  horizontal.  A  notable  example  of  this  series  may  be  seen  on  the 
western  bank  of  Bernard's  Creek,  at  the  river-road  crossing,  where 
sandstones  overlie  one  of  the  'N^ewark  conglomerates. 

Between  the  synclinal  trough  thus  outlined  and  the  western  bound- 
SiTj  of  the  basin,  observations  upon  the  attitude  of  the  strata  are  lim- 
ited to  a  few  exposures  along  the  south  bank  of  the  James  River  and 
to  the  old  mines.  The  diverse  structure  of  the  western  border  has  in 
general  an  eastward  dip.  Between  these  structures  and  the  outcrops 
marking  the  western  side  of  the  trough  above  outlined  a  few  westerly 
dips  may  be  seen,  enough  to  indicate  the  existence  of  a  low  anticline 
near  the  middle  of  the  basin. 

Between  Hallsboro  and  Mosley  Junction  the  Newark  sandstones 
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aud  shales  strike  northeast  and  southwest,  and  dip.  from  southeast 
near  the  former  place  to  vertical  dips  near  the  western  border.  This 
structure  i^oints  to  a  downthrowu  or  down  folded  area  south  of  the 
Southern  Kailway.  Southeasterly  dips  occur  as  far  south  as  near  the 
junction  of  the  Genito  road  and  Otter  Branch.  This  belt  of  southeast- 
ward dipping-  strata  Hanks  the  broad  central  tract  in  which  the  Otter- 
dale  sandstones  occur. 

In  the  area  between  the  upper  part  of  Deep  Greek  and  Horsepen 
Branch  mainly  easterly  dips  occur.  Contrary  dips  indicative  of 
numerous  small  folds  or  faults  succeed  to  the  south  and  east.  Owing 
to  the  imperfection  of  the  exjiosures  it  can  not  be  stated  definitely 
whether  these  structures  pertain  to  folds  or  faults. 

FAULTS  in  the  INTERIOR  OF  THE  RICHMOND  AREA. 

It  has  already  been  shown,  in  the  account  of  the  boundaries  of  chis 
area,  that  abundant  evidence  of  faulting  is  to  be  seen  from  point  to 
point  on  both  its  eastern  and  its  western  side.  Where  these  faults 
appear  in  the  Newark  rocks  they,  in  many  cases,  afi'ect  the  lower  parts 
of  the  section  only. 

The  apparent  horizontality  of  the  broad  area  of  strata  in  the  central 
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Fig.  107.— Fault  on  the  Le  Prade  place,  Buckingham  turnpike,  1^  miles  north  of  Dry  Bridge,  Ches- 
terfield County,  Virginia,   a  a,  slate-colored  clays;  b,  reddish  sandy  clays;  c  c,  sandstones. 

part  of  the  basin  and  the  lack  of  knowledge  concerning  faults  in  that 
part  of  the  field  has  for  a  long  time  led  to  the  hope  that  not  only  the 
upper  irdTt  of  this  great  central  section,  but  also  the  lower  and  basal 
beds  in  that  field  would  prove  on  further  examination  free  from  those 
faults  and  disturbances  which  are  so  manifest  on  the  margins.  The 
present  survey,  while  it  has  confirmed  the  view  of  maximum  tilting 
and  faulting  of  the  strata  along  the  borders  of  the  Richmond  area,  has 
found  evidence  that  the  middle  of  the  basin  is  not  without  faults,  and 
has  led  the  writers  to  the  opinion  that  the  lower  parts  of  the  strata  are 
more  disturbed  than  fhe  upper  beds. 

The  indications  of  faulting  in  the  interior  of  the  area  are  of  different 
valnes.  These  values  may  be  expressed  as  demonstrable,  probable, 
and  possible  evidences  of  faults. 

Demonstrable  or  visible  faults  have  been  seen  at  the  following  locali- 
ties remote  from  tlie  margin  of  the  basin:  On  the  Le  Prade  [)Iace,  at  a 
point  5  miles  west  of  the  eastern  margin,  a  fault  crosses  the  l>ucking- 
liain  turnpike,  its  presence  being  disclosed  by  a  washout  in  the  road 
at  that  ])la(;e.  The  struciture  of  the  Newark  beds  at  tiiis  locality  is  as 
represented  in  lig.  107. 
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The  amount  of  tbrow  ou  this  fault  is  indetermiuable,  but  is  probably 
small,  as  the  beds  are  uot  dissimilar  ou  the  opposite  sides  of  the  plane 
of  rupture.  The  attitudes  of  the  beds  on  the  sides  of  the  break  are, 
however,  diverse,  as  is  indicated  in  the  diagram.  The  direction  of  the 
fault,  as  nearly  as  it  could  be  ascertained  from  the  limited  exposure,  is 
west  of  north,  the  strike  of  the  tilted  strata  being  13°  W.  The 
extension  of  this  fault  would  carry  the  dislocation  into  the  Gornwallis 
Hill  fault  block  on  the  western  margin.  Its  extension  in  the  opposite 
direction  would  intersect  tbe  strata  in  the  Dry  Bridge  railroad  cut 
(see  PI.  XXXIX).  A  small  fault  observed  there  west  of  the  road 
bridge  shows  that  this  is  a  line  of  disturbance.  Another  small  fault 
may  be  detected  in  the  roadside  on  the  western  slope  of  High  Hill,  in 
Powhatan  County  (see  fig  105,  p.  477). 

Probable  faults  affecting  the  interior  of  the  area  are  indicated  by  the 
marginal  structures.  The  absence  of  hard  and  resistant  masses  of  rock 
at  the  present  surface  within  the  basin  and  the  deep  weathering  of  the 
strata  render  the  recognition  of  faults  well-nigh  impossible.  The  work 
of  Davis  and  his  assistants  in  the  Connecticut  area  has  shown  that  the 
faults  which  produce  jogs  in  the  boundary  line  of  one  of  these  Xewark 
areas  may  traverse  the  interior  sections.  Faulting  is  strongly  indicated 
in  the  angularity  of  the  boundary  in  the  vicinity  of  the  Appomattox 
Kiver.  Some  of  these  northwest  and  southeast  faults  may  appear  in 
the  section,  though  an  examination  of  the  long  Skinquarter  dike  has 
shown  us  no  measurable  offsets. 
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Tig.  108. — Diagram  showing  drill  hole  (a),  intersecting  a  flexure  with  inclined  axial  planes  6,  c,  of 

upper  and  lower  lends. 

Possible  faults  in  the  lower  part  of  the  section  are  marked  by  the 
flexures  which  appear  in  the  uppermost  layers.  The  argument  for 
this  association  of  flexures  with  faults  has  already  been  advanced  in 
the  discussion  of  the  James  Eiver  section  and  of  the  small  detached 
basins  which  margin  the  main  area.  From  all  that  can  be  learned  in 
the  examination  of  this  basin  by  ourselves,  and  from  the  reports  of 
others,  it  appears  highly  probable  that  these  flexures  pass  into  faults 
as  one  approaches  the  granitic  or  gneissic  floor.  These  faults  would  have 
great  displacement  near  and  in  the  basement,  dying  out  downward  like 
the  flexures  in  the  upper  sections. 
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It  has  been  noted  in  the  two  boriugs  made  in  the  area  during  the 
progress  of  our  investigations  that  there  is  a  marked  change  of  incli- 
nation of  the  strata  from  low  angles  or  even  horizontality  near  the 
surface  to  higher  angles  at  a  considerable  depth  below.  Passing  still 
deeper  the  strata  return  to  a  gentle  dip.  In  the  boring  at  Salisbury 
fragments  of  core  were  so  brought  up  by  the  drill  as  to  show  the 
westward  direction  of  the  dip.  This  phenomenon  of  alternating  high 
and  low  dips  is,  it  is  believed,  a  natural  consequence  of  the  develop- 
ment of  flexures  in  the  section,  the  axial  planes  of  w4iich  are  inclined. 
Thus  in  the  annexed  diagram  (fig.  108)  the  lines  a  may  be  supposed  to 
represent  a  drill  hole  sunk  through  flexed  beds;  h  and  c  are  respectively 
the  axial  planes  of  the  upper  and  lower  bends  of  a  flexure.  As  a  conse- 
quence of  the  inclination  of  the  planes  of  the  flexure  the  vertical  hole 
a  passes  through  beds  at  high  inclinations  lying  between  gently 
inclined  or  flat  strata.  More  than  one  such  alternation  may  be 
encountered  in  a  deep  section. 

OUTLYING  BASINS. 

Along  the  eastern  margin  of  the  Eichmoiid  area  are  several  outliers 
of  the  Newark  strata,  of  which  those  near  Midlothian  and  the  so-called 
Deep  Kun  area  are  coal  bearing.  Owing  to  the  removal  of  much  of 
the  coal  from  these  areas  in  former  days,  they  are  not  now  open  to 
examination.  That  these  basins  are  due  to  deformation  of  the  under- 
lying granitic  terrane  by  faulting,  and  perhaps  to  movements  in  the 
granite  which  are  locally  expressed  by  folds  in  the  overlying  sediments, 
seems  highly  probable.  In  a  general  way  these  basins  may  be  regarded 
as  showing  the  nature  of  the  granitic  floor  beneath  the  basin  as  a 
whole.  The  disturbance  of  the  Newark  strata  would  be  at  a  maximum 
on  the  broken  granitic  and  gneissic  basement,  with  faults  dying  out 
upward  in  the  central  part  of  the  basin  in  the  form  of  flexures,  or  dis- 
ai)i)earing  altogether  where  the  throw  is  small,  by  the  accommodation 
of  the  strata  in  a  section  from  2,000  to  3,000  feet  thick.  If  this  view  of 
tlie  area  be  accepted,  it  is  probable  that  drilling  in  the  middle  of  the 
basin  would  reveal  greater  diversity  in  the  attitude  of  the  beds  as  the 
depth  increased,  and  so  the  depth  of  the  coal  beds  might  vary  greatly 
Tvithin  short  distances.  Tlius  the  Blackheath  basin  is  about  a  quarter 
of  a  mile  wide,  with  coal  on  its  two  sides  sinking  to  a  depth  of  800 
feet  in  the  middle. 

The  following  notes  relate  to  the  areas  nearest  the  main  basin. 

THE  BLACKHEATH  TRACT. 

Famons  in  tlie  early  mining  liistoiy  of  the  Richmond  coal  field  is  the 
small  area  on  the  eastern  margin  lying  mainly  on  the  north  of  the  line 
of  the  KSouthern  Railway  (see  1*1.  XXV).  This  area  ai)pears  from  the 
statement  of  old  miners  and  from  su(;h  information  as  can  be  gleaned 
at  the  ])resent  tinu'  from  the  materials  abont  old  pits  to  have  contained 
two  rather  distinct  troughs  of  coal,  an  eastern  one  known  as  the  Black- 
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•  heath  Basin,  and  another  one,  known  as  the  Gunlifife,  lying  between 
this  and  the  main  basin. 

The  Blackheath  Basin,  so  far  as  is  indicated  by  the  outcrop  of  the 
coal,  is  of  oval  form,  elongated  in  a  north-and-south  direction,  and 
extends  a  short  distance  south  of  the  tracks  of  the  Southern  Railway. 
At  its  northern  end  lies  the  old  Bingley  slope  (see  PI.  XL),  worked 
during  the  civil  war  by  the  government  of  the  Confederate  States.  The 
coal  seam  here  is  thick,  locally  approaching  40  feet,  but  thinning  south- 
ward, being  at  the  railroad  not  more  perhaps  than  18  inches  thick.  Up 
to  as  late  as  1897  individual  miners  took  out  coal  from  the  upper  pil- 
lars of  the  old  workings.  This  coal  found  a  market  in  Richmond. 
Beneath  the  upper  thick  seam  of  coal  there  is  another  bed,  reported  to 
be  about  2 J  feet  thick. 

The  so-called  Cunliffe  Basin,  so  far  as  the  outcrop  of  coal  is  con- 
cerned, appears  to  be  a  small  trough  elongated  in  an  east  and  west 
direction.  The  Grapevine  shaft"  was  sunk  on  the  western  outcrop 
of  this  basin.  It  is  not  known  whether  the  granite  at  as  met  between 
this  basin  and  the  areas  to  the  east  and  west  of  it.  The  evidence  on 
the  ground  appears  to  indicate  that  the  Newark  strata  are  let  down  in 
the  area  north  of  the  Southern  Railway  in  the  manner  indicated  on  the 
geologic  map  (see  Pis.  XXVI  and  XXXI).  This  view  is  favored  by  the 
fact  that  coal  has  been  found  just  west  of  Fall  Creek,  near  the  railroad 
embankment,  outside  of  the  recognized  basins. 

The  synclinal  structure  of  the  Blackheath  and  Cunliffe  Basin  shows 
that  flexing  of  the  coal  measures  over  the  underlying  broken  granitic 
base  has  taken  place. 

THE  UNIOX  PITS  AND  STONKHENGE  TRACTS. 

East  of  the  main  basin  at  Midlothian  and  south  of  the  turnpike  are 
two  outliers  of  the  coal  measures  well  known  in  the  mining  history  of 
this  district.  The  eastern  one  is  traversed  by  Falling  Creek.  Its  north 
and  south  length  is  probably  half  a  mile,  but  its  southern  limits  are 
hidden  in  the  alluvium  of  the  creek.  In  this  area  are  the  Union  pits. 
The  view  shown  in  PI.  XLI  was  taken  looking  north,  on  the  east  side  of 
Falling  Creek,  showing  the  sandstone  and  coal-bearing  shales  below  the 
main  coal  seams.  The  shales  decompose  and  run  down  over  the  out- 
crop, forming  a  mud  crust  upon  them.  The  steep  westerly  dip  is  much 
higher  than  is  the  general  rule  along  the  eastern  margin.  A  seam  of 
coal  about  4  inches  thick  is  exposed  near  the  point  indicated  on  the 
picture  by  the  geological  hammer. 

A  shallow  pit  sunk  through  the  sandstones  a  few  yards  south  of  the 
first  locality  revealed  a  fault  striking  east  and  west  and  dipping  about 
30°  south.  Such  cross-faults  probably  also  occur  at  the  ends  of  these 
small  basins  (see  PI.  XLII). 

Between  the  Union  pits  and  the  main  basin  lies  the  northern  end  of 
a  coal-bearing  tract,  probably  1  mile  long.  Its  boundaries  are  some- 
what uncertain,  but  it  is  evidently  separated  from  the  main  basin  by 
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the  granite,  which  has  a  breadth  of  exposure  of  about  2,000  feet,  as 
meutioued  by  Kussell. 

These  basins  have  evidently,  as  pointed  out  by  Kussell  and  others, 
been  let  down  by  faulting  along  their  western  margins  and  cut  by  east- 
west  faults  at  one  or  both  ends  in  the  manner  above  indicated.  The 
purely  diagrammatic  con- 
ception of  the  structure 
which  is  gained  from  an  ex- 
amination of  the  ground  and 
a  review  of  the  literature  is 
shown  in  the  accompanying 
figure  (fig.  109).  The  only 
apparent  objection  to  the 
faulting  hypothesis  is  the 
attitude  of  the  beds  on 
the  drag  side  of  the  fault, 
by  which  the  double  line  of 
outcrop  is  produced.  It  is 
permissible,  in  view  of  the 
structures  encountered  in 
the  mines  in  the  main  ba- 
sin, to  conceive  of  the  fault 
proper  as  limited  to  the 
granitic  terrane  and  of  the 
drag  in  the  coal  measures  as 
being  due  to  the  flexure  of 
the  strata  over  the  uplifted  edge  of  the  base  of  the  section.  The 
thinning  of  the  beds  in  this  situation  is  just  what  would  be  expected 
in  a  flexure. 

THE  FLAT  HIJANCH  AREA. 

Between  the  southern  end  of  the  Springfleld  area  (the  Deep  Ilun 
Basin  of  recent  reports,  see  PI.  XLIII,  by  Cliftbrd)  and  the  main  Rich- 
mond area  lies  the  shallow  valley  of  Flat  Branch,  a  stream  flowing 
almost  due  south  into  Deep  Run  at  an  average  distance  of  1  mile  from 
the  eastern  margin  of  the  main  coal-field.  In  the  bottom  of  this  valley, 
both  north  and  south  of  the  (^uiocassin  road,  and  particularly  along 
the  side  of  that  road  for  a  distance  of  oOO  feet  in  either  direction, 
inclined  strata  may  be  seen,  which  recall  the  neighboring  Mesozoic 
beds.  On  the  west  side  of  tlie  stream  shales  and  granitic  sandstones 
dip  gently  east,  while  on  the  east  side,  about  300  feet  beyond  the  little 
chnrch,  are  ])ebbly  arkose  deposits  dii)ping  15'^  to  the  west,  along  with 
beds  wliose  dcconiixjscd  surface  as|)C('t  is  tliat  of  clay,  ^flie  syncliiie 
thus  plainly  indi(*ate(l  is  tho  only  cA  idence  directly  obtainable  concern- 
ing the  structure  of  this  small  area. 

About  half  a  mile  iiortli  of  tlic.  (»)uio(;assin  road  sandstones  and 
shales,  dii)ping  westward,  (;rop  out  along  the  eastern  margin  of  this 
area.    A  shallow  ])it  sunk  in  the  brds  lailed  to  reach  <lej)Osits  of  c<ki1. 


^  C  B 

Fig.  109.— Hypothetical  structure  of  one  of  the  detached 
basins  on  the  eastern  margin  of  the  Richmond  area.  4, 
the  coal  measures  in  the  main  basin,, dii)ping  west;  a 
detached  basin ;  CO,  fault  on  the  western  margin  of 
detached  basin;  J),  dip  faults,  catting  off  ends  of  the 
detached  basins;  KEE,  granitic  pre  Xewarlv  terrane. 
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West  of  this  locality  granitic  sandstones  occur  in  the  stream  bed.  The 
area  has  a  maximnui  width  of  perhaps  half  a  mile  and  a  length  north 
and  south  of  three-fourths  of  a  mile,  beiag  continued  south  of  the 
road  above  named,  where  pits  have  been  sunk  in  the  search  for  coal. 
Whether  or  not  this  area  connects  south  westward  with  the  main  basin 
can  not  well  be  determined  on  account  of  alluvium. 

On  Major  Hotchkiss's  Geological  Map  of  Virginia  and  West  Vir- 
ginia^ the  Deep  Run  Basin  (see  Clifford's  map,  PI.  XLIII)  is  mapped  as 
continuous  through  this  tract,  or  near  its  site,  into  the  main  basin. 
Daddow's^  map  carried  the  Springfield  area  south  westward  nearly  to 
the  place  of  the  Fiat  Branch  area;  but  Russell omits  it.  As  indi- 
cated above,  no  evidence  of  the  present  connection  of  the?se  areas  was 
discovered  in  this  survey. 

CONGLOMERATE  AREA  ON  WESTERN  BORDER. 

The  outlying  small  tracts  of  Newark  rocks  on  the  eastern  border 
have  their  counterpart  on  the  western  edge  of  the  iield.  How  far  out 
upon  the  surrounding  crystalline  region  these  patches  may  be  found  to 
the  westward  is  not  known.  There  is  reason  for  believing  that  they 
may  be  widely  distributed  between  the  known  ilewark  areas.  One 
such  patch  of  the  Newark  beds,  composed  of  a  coarse  conglomerate 
(see  PI.  XXII),  is  crossed  by  the  Manakintown  road  north  of  the 
Three  Chop  road  crossing.  The  bounds  of  this  small  area,  not  hereto- 
fore shown  on  maps,  are  not  precisely  ascertainable.  Outcrops  of 
gneiss  occur  between  this  area  and  the  main  Richmond  basin  on  the 
east  and  gneiss  appears  again  on  the  north,  so  that  it  seems  to  be 
somewhat  closely  circumscribed.  The  structure  of  this  area  is  not 
revealed. 

MINOR  STRUCTURE  DUE  TO  STRESS. 

Aside  from  the  slickensides  which  everywhere  pervade  the  shales  of 
this  area,  there  are  numerous  indications  of  yielding  of  the  rocks  to 
pressures  presumably  taking  place  at  the  time  of  faulting. 

Cleavage. — Occasional  layers  of  shale  from  the  beds  on  the  eastern 
margin  exhibit  secondary  structures  which  closely  simulate  the  meta- 
morphic  schists.  Layers  of  slaale  intersected  in  the  Etna  shaft  at  Mid- 
lothian have  been  crumpled  and  a  cleavage  has  developed  normal  to 
the  plane  of  the  stratification  at  the  bends  of  the  folds.  This  rock 
needs  only  mineralization  along  the  planes  of  fracture  and  gliding  to 
take  on  the  essential  characters  of  a  schist.  These  layers  are  notice- 
ably calcareous,  and  if  we  may  suppose  that  consolidation  set  in  earlier 
in  them  on  account  of  the  carbonate  of  lime  present  than  in  the  adjacent 
layers,  the  difference  of  behavior  under  the  strains  of  deformation  may 
be  explained. 

Cone-in-cone  structure. — In  the  shales  at  Manakin,  on  the  western 
border,  certain  more  resistant  highly  calcareous  layers  display  the 


1  See  map  in  Heprint  of  the  Geology  of  the  Virginias,  by  W.  B.  Rogers,  New  York,  1884. 
2Dad(low  and  Bannan:  Coal,  Iron,  and  Oil,  1866,  p.  395. 
3  Russell  :  Bull.  U.  S.  Geol.  Survey  Xo.  85,  PI.  V.  1802. 
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l^eculiar  arrangement  of  fractures  known  as  cone-in-cone  structure. 
Here  the  stress  was  probably  due  to  crystallization. 

Joints. — The  deeply  decayed  condition  of  the  rocks  in  this  region 
precludes  any  general  study  of  the  system  of  joints.  Not  infrequently^ 
however,  the  existence  of  joints  in  decayed  sandstones  and  shales  is 
indicated  by  the  bleaching  of  the  rock  on  either  side  of  these  planes  of 
l^arting,  which  have  favored  the  ingress  of  surface  waters.  At  a  few 
localities  the  induration  of  the  sandstones  at  or  near  contact  with  the 
diabase  dikes  has  preserved  the  joint  structure.  From  a  study  of  the 
joints  associated  with  dikes  alone,  it  is  evident  that  there  was  developed 
in  this  region  a  set  of  joints  having  a  north-northwest  course  which 
became  the  seats  of  the  dikes.  Where  joints  precede  dikes  and  thus 
guide  their  course,  it  has  been  customary,  at  least  in  this  country,  to 
regard  the  joints  as  the  effect  of  either  the  contraction  of  the  sediments 
or  the  torsion  of  the  mass  through  unequal  tilting.  Opinion  at  present 
inclines  rather  to  the  theory  of  torsion  from  deformation.  Dr.  Hans 
Eeusch  has  suggested  that  the  joints  which  guide  dikes  may  be  effects 
of  the  intrusion,  being 
in  the  nature  of  forerun- 
ning fractures  in  the 
rock  bordering  the  in- 
vading magma,  a  zone 
in  which  the  explosive 
action  of  the  magma, 
the  deformation  of 
strata,  and  volumetric 
changes  dependent  on 
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rising  temperature  Fig.  no. — Diagram  .sbowing  cross  section  of  vein  of  fibrous  calcite 
combine    to    afford     a  in  coal,  Winterpock,  Virginia. 

complex  of  causes,  any  one  of  which,  acting  alone,  may  be  regarded  as 
competent  to  effect  the  observed  result. 

The  occurrence  of  well-developed  joints  in  rocks  free  from  intrusive 
masses  is  conclusive  evidence  that  dikes  are  not  the  necessary  ante- 
cedents of  joints,  even  where  the  intrusion  of  rocks  is  associated  with 
jointing.  In  the  case  of  joints  in  the  Kichmond  basin,  there  were  no 
evidences  found  by  which  to  determine  the  Lapse  of  time  between  the 
formation  of  the  joints  and  the  intrusion  of  the  dikes.  Tiie  cause  of 
the  joints  in  question  is,  therefore,  left  open  for  farther  investigation. 

The  ])ituminous  coal  is  usually  much  jointed.  Tlie  interval  between 
the  joints  is  rather  short,  and  small-sized  fragments  result.  On 
account  of  these  joints  the  coal  breaks  up  somewhat  more  readily  than 
that  of  the  Carboniferous  section.  In  good  part  this  greater  degree  of 
fragility  is  due  to  the  stress  to  which  these  JMesozoic  coals  have  been 
subjected  in  the  faulting  and  Hexing  of  the  beds. 

Structures  associated  with  veins. — In  tln^  old  Raccoon  mine,  south  of 
Winterpock,  certain  layers  of  coal  exliibit  ])eculiar  hour-glass-shaped 
cross  fractures  occupied  by  veins  of  librous  calcite.   (8ee  fig.  110.)  The 


fractures  are  perpendicuhii-  to  the 


bedding. 


A  sinirle  wide  vein  in  the 
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middle  of  the  stratum  splits  into  numerous  side  branches  near  the 
upper  and  lower  limits  of  the  coal  seam.  The  edges  of  the  vein  x)roject 
into  the  bordering  shales  by  actually  displacing  the  rock  rather  than 
fcy  making  a  gash  such  as  is  sometimes  filled  with  the  veinstone.  The 
markings  described  below,  sometimes  seen  on  layers,  arise  in  the  same 
way. 

MarMngs  on  shale  due  to  vein  structures, — The  thin  laminae  of  coal  in 
the  Midlothian  field  are  sometimes  minutely  jointed,  and  these  closely- 
set  gaping  joints  have  been  filled  with  veins  of  calcite.  The  overlying 
and  underlying  layers  of  shale  frequently  bear  incised  lines  marking 


Fig.  111.— Surface  of  a  fragment  of  shale  from  Midlothian,  after  layer  of  coal  with  calcite  veins  has 
been  removed,  showing  lines  of  grooves  marking  edges  of  the  veins. 


the  sharp  edges  of  these  veins,  in  the  manner  already  described  in  the 
case  of  veins  seen  in  cross  section  near  Winterpock.  These  markings 
are  creases  or  grooves  rather  than  fractures  in  which  the  veinstone 
original  formed.  These  creases,  which  stimulate  mud  cracks  and  ice 
crystal  marks,  indicate  the  compression  of  the  shale  upon  the  coal,  the 
sediments  yielding,  while  the  veinstone  resisted  the  movement  (see 
fig.  111).  The  slight  compression  indicated  by  these  lines  may  be 
accounted  for  by  the  weight  of  the  overlying  beds,  though  the  joints 
may  have  been  initiated  by  torsion  and  displacement. 
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SUMMARY  OF  OBSERVATIONS  BEARING  ON  THE  STRUCTURE  OF 

THE  RICHMOND  AREA. 

A  thorough  search  for  outcrops  of  the  i^ewark  rocks  over  the  interior 
of  the  Richmond.  Basin  has  shown  that  the  idea  of  a  relatively  great 
central  undisturbed  area  is  erroneous.  While  the  interior  of  the  area 
shows  at  the  surface  very  little  evidence  of  faulting  and  folding  as  com- 
pared with  the  highly  tilted  attitudes  of  the  strata  about  the  margin  of 
the  area,  faults,  folds,  and  flexures  can  be  made  out,  and  their  relation 
to  the  marginal  basal  sections  of  the  rocks  is  such  as  to  lead  to  the 
supposition  that,  could  we  examine  the  base  of  the  Newark  rocks  in  the 
middle  of  the  area,  we  should  find  there  a  repetition  of  the  disturbances 
which  are  so  pronounced  a  feature  on  the  existing  margins.  The  occur- 
rence of  flexures  in  the  central  area,  as  in  the  James  River  bluff,  and  of 
folds  on  the  margin  in  the  basal  section,  is  what  one  would  expect  where 
considerable  displacements  in  a  granitic  basement  die  out  upward  into 
a  zone  of  pliable  stratified  rocks.  A  correlative  of  this  conclusion 
is  the  inference  that  the  disturbances  of  the  Newark  strata  are  due  to 
their  adjustment  to  the  broken  edges  of  the  underlying  metamorphic 
and  igneous  terrane,  the  ancient  floor  on  which  they  were  deposited. 

Deposition  appears  to  have  begun  in  the  Richmond  area  on  a  surface 
which  had  been  reduced  under  the  atmosphere  to  a  land  of  little  relief. 
To  determine  whether  this  was  a  peneplain  or  not  can  not  be  under- 
taken from  the  study  of  so  small  an  area  as  that  included  in  this  report. 
The  present  inequalities  of  the  basement  of  the  Newark  strata  are 
largely  if  not  altogether  due  to  the  dislocations  above  indicated  as  tak- 
ing i)lace  after  the  deposition  of  most  if  not  all  of  the  strata  now  in 
the  basin. 

The  sediments  first  formed  in  the  area  show  a  local  origin,  and  much 
of  them  indicate  a  derivation  from  the  eastward  or  southeastward. 
The  coal  measures  show  no  signs  of  thinning  toward  the  margin  of 
the  present  area.  After  passing  the  basal  beds  the  sediments  give  no 
clear  evidence  of  the  proximity  of  a  shore  line  in  any  given  direction. 
The  nonmarine  character  of  the  sediments  points  to  tlieir  deposition  in 
a  lake  or  in  a  river  valley  with  lacustrine  episodes,  but  there  is  no  evi- 
dence to  show  that  the  present  form  of  the  basin  is  genetically  related 
to  such  a  valley  or  lake  basin.  So  much  faulting  has  taken  place  that 
by  this  means  alone  the  trough-like  character  of  the  basin  is  probably 
accounted  for. 

The  cause  of  the  faulting  and  rearrangement  of  the  blocks  of  Newark 
strata  is  perhaps  to  be  found  in  the  contraction  of  the  globe.  While 
vertical  movements  are  most  pronounced  in  the  attitude  of  the  difl'er- 
ent  parts  of  the  basin,  evidence  of  horizontal  i)ressure  is  thought  to  be 
found  in  certain  cases  of  folding,  and  in  the  tendency  to  form  a 
synclinal  structure  which  is  locally  exhibited  in  the  area. 
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When  compared  with  other  areas  of  Newark  rocks  on  the  Atlantic 
slope^  the  Richmond  field  shows  by  the  prevailing  westerly  dips  over 
broad  areas  south  of  the  James  River  fhat  it  has  undergone  the  general 
westward  tilt  common  to  the  several  tracts  south  of  the  Hudson 
River.  The  synclinal  structure  which  has  been  attributed  to  it  seems 
to  be  due  mainly  to  the  local  downward  drag  of  strata  on  the  western 
margin,  perhaps  accented  by  lateral  pressure  and  folding  consequent 
thereon. 


CHAPTEE  Y. 


IGNEOUS  ROCKS. 

As  before  remarked,  the  Eicliniond  Basin,  in  common  with  the  New- 
ark areas  northward  to  Nova  Scotia,  is  intersected  with  dikes  and  sills 
of  diabase.  These  rocks,  on  the  eastern  border,  have  received  some 
attention  on  account  of  the  association  with  them  of  coke  in  the  several 
coal  mines  where  they  have  been  found.  They  have  never  before  been 
mapped,  though  the  more  important  of  them  are  well  known  to  the 
inhabitants  of  Chesterfield  County,  and  the  delineation  of  their  course 
across  country  is  not  difficult. 

The  natural  exposures  of  these  dikes  are  usually  in  the  form  of  rounded 
masses  lying  upon  the  surface  of  the  outcrop,  liarely  does  the  pres- 
ence of  the  dike  manifest  itself  in  any  topographic  peculiarity  of  the 
line  of  outcrop.  The  bowldery  and  pebbly  bands  cross  the  i)eneplain 
and  the  valleys  alike.  In  a  few  instances  only  have  streams  come  upon 
a  dike  and  excavated  the  soft,  decayed  material,  but  even  in  these  cases, 
the  most  notable  example  of  which  is  Turkey  Branch  of  Swift  Creek, 
on  the  western  margin,  the  stream  follows  the  dike  for  a  few  rods  only. 

The  decomposition  blocks  or  "hardheads"  decay  altogether  on  the  out- 
side, the  decomposed  layers  washing  off  rapidly,  so  that  the  interior  is 
comparatively  hard  and  fresh.  As  compared  with  fragments  of  simi- 
lar rocks  found  upon  the  surface  in  glaciated  New  England,  the  zone 
of  decay  seems  to  be  thinner  here  than  in  the  northern  field,  possibly 
because  severe  and  long-continued  frosts  are  wanting  in  the  South  to 
open  up  the  loosened  textilre  of  the  rock  and  favor  the  penetration  of 
decay  to  the  interior  of  the  block. 

Many  of  these  "  hardheads have  been  carried  to  the  sites  of  houses 
and  farms,  where  they  find  various  uses.  It  is  therefore  necessary  in 
tracing  the  dikes,  which  are  often  marked  only  by  the  bowlders  lying 
on  the  surface,  to  make  certain  that  the  fragments  near  habitations 
have  not  been  transported  by  human  agency. 

The  dikes,  so  far  as  observations  go,  appear  to  lie  between  the  inclined 
strata  in  the  form  of  sills  on  the  eastern  border  of  the  basin,  but  no 
natural  exposures  have  been  Ibund  in  which  contemporaneous  fh)ws 
appear.  There  is  therefore  no  positive  evidence  of  volcanic  action  in 
this  field  during  the  deposition  of  the  strata  which  remain  in  the  basin. 
The  o(;currences  are  everywhere  intrusive.  Possible  volcanic  con- 
duits have  been  seen  in  the  liernards  (  'reek  region,  where  an  isolated 
mass  of  trap  may  indicate  the  existence  of  small  ])ii)e  or  conduit  con- 
necting npward  with  a  volcanic  vent ;  and  in  the  case  of  a  similar  mass, 
better  exi)osed,in  the  load  from  Skincpiarter  to  3Iosley  Junction,  where 
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the  diabase  abruptly  displaces  the  sandstones  and  shales.  The  sand- 
stones near  this  locality  are  indurated.  The  shales,  which  have  been 
finely  jointed,  are  purplish  at  the  contact. 

The  dikes  vary  in  width  from  mere  plates  a  few  inches  wide,  trace- 
able only  for  short  distances,  to  masses  measuring  from  25  to  50  feet 
across  the  outcrop.  The  larger  dikes  have  been  traced  for  5  or  6  miles, 
and  there  is  reason  to  believe  that  they  are  continuous  over  much 
greater  distances  within  the  limits  of  the  basin. 

The  largest  dike  has  a  general  northwest  and  southeast  trend,  but 
others  run  east  and  west.  The  prevailing  direction,  however,  is  from 
northwest  to  southeast.  On  account  of  the  deep  decay  of  the  rocks 
contact  phenomena  are  seldom  observed.  The  usual  effect  is  an  indu- 
ration of  the  sandstones  and  the  darkening  of  the  shales,  red  colors 
passing  to  purple,  as  noted  by  Eussell.  Contact  minerals  have  not 
been  observed  in  the  rocks  adjacent  to  known  dikes,  but  minerals  have 
been  found  along  the  margin  at  Midlothian  and  Manakin,  suggesting 
solfataric  action  (see  pp.  502,  503).  The  general  relations  of  the  more 
important  dikes  which  have  been  seen  will  now  be  described.  It  has 
not  been  thought  necessary  to  present  an  account  of  the  i)etrography 
of  these  rocks.  So  far  as  known  by  the  microscopic  examination  of  a 
typical  specimen  the  rock  is  diabase. 

DESCRIPTIONS  OF  DIKES. 

The  SJdnquarter  dike. — This  dike  may  be  traced  in  a  north -north- 
westerly direction  from  a  point  about  midway  between  Zoar  and  Win- 
teri)ock  through  Skinquarter  to  the  bank  of  Skinquarter  Creek,  2J 
miles  south  of  Dorset.  Throughout  this  extension  of  5J  miles  there 
are  no  obvious  horizontal  offsets  of  the  dike  due  to  faulting  subsequent 
to  its  intrusion.  The  average  width  of  the  dike  is  as  much  as  20  feet, 
though  in  some  places  the  width  of  outcrop  is  evidently  as  great  as  50 
feet.  The  contact  is  here  and  there  shown  at  surface,  but  on  one  side 
only,  so  that  exact  measurements  are  not  easily  obtainable. 

The  coarse  granitic  sandstones  of  the  Newark  where  in  contact  with 
the  dike  are  light  colored  and  indurated  for  a  distance  of  from  5  to  6 
feet  from  the  igneous  rock.  Exposures  of  this  nature  occur  on  the  land 
of  Mr.  J.  H.  Bailey,  in  the  southern  portion  of  the  known  extent  of  the 
dike.  This  dike  is  reported  by  the  inhabitants  to  be  traceable  to  the 
James  Kiver.  Scattered  bowlders  and  outcrops  of  trap  occur  east  of 
its  line,  but  a  satisfactory  tracing  of  the  dike  has  not  proved  possible. 

The  dike  usually  exhibits  joint-plane  contacts.  It  was  evidently 
irrupted  in  a  fissure  which  followed  the  dominant  joints.  Intrusion 
must,  therefore,  have  come  rather  late  in  the  history  of  the  basin.  These 
joints,  together  with  the  dike,  dip  very  steeply  to  the  east.  Columnar 
structure  of  the  diabase  is  occasionally  shown,  the  columns,  perpen- 
dicular to  the  walls,  dipping  very  gently  to  the  west. 

South  of  Winterpock  trap  outcrops  are  rarely  found.  The  small 
exposure  in  the  tongue  of  the  basin  extending  southward  across  the 
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Appomattox  near  Namozine  appears  to  have  a  northerly  trend.  The 
course  of  the  Skinquarter  dike,  extended  in  this  direction,  would  cut 
the  mar<»in  of  the  basin  precisely  at  the  point  occupied  by  this  outcrop 
of  a  dike.  Bowlders  of  diabase  occur  on  the  Scott  plantation,  between 
Winticomack  Creek  and  the  Appomattox,  approximately  at  the  point 
where  the  prolonged  Skinquarter  dike  would  cross  the  area. 

Dike  south  of  Zoar. — Mr.  Geo.  B.  Richardson  found  a  wide  dike  of 
diabase  about  IJ  miles  south  of  Zoar,  near  the  western  border  of  the 
area.  It  has  the  north-northwesterly  direction  of  the  dikes  of  this  part 
of  the  area. 

The  Winterpock  and  Mantua  dikes. — Mining  in  the  vicinity  of  the  Cox 
shaft,  north  of  the  railroad  station  at  Clover  Hill,  years  ago  exposed  a 
''dike''  said  to  extend  in  a  westerly  direction.  Bowlders  may  now  be 
seen  on  the  eastern  border,  indicating  the  extension  of  this  dike  into 
the  granitite.  Lyell  ^  describes  a  dike  about  20  feet  thick  occurring  on 
the  Johnstou  tract,  about  4  miles  north  of  the  Appomattox  River,  run- 
ning W.  IQo  S.,  and  having  a  thickness  of  about  20  feet  in  the  vicinity 
of  the  Beaver  mine.  This  is  probably  the  dike  exposed  in  old  work- 
ings, concerning  which  miners  have  a  memory.  Westward,  on  the  line 
of  this  intrusion,  a  large  dike  makes  its  appearance  on  the  eastern 
limits  of  the  Mantua  estate,  and  thence  can  be  traced  westward  a  few 
degrees  south,  toward  the  intersection  of  the  extended  course  of  the 
Skinquarter  dike  and  another  large  dike.  Beyond  this  point  it  has 
not  been  traced.  On  the  Mantua  estate  there  is  a  small  dike,  about  0 
inches  thick,  extending  in  an  east-and-west  direction  just  nortli  of  the 
house,  and  another  also  small  with  a  northwest  course  is  marked  by 
occasional  bowlders  in  the  soil  north  of  the  Winterpock  dike. 

Dike  on  wesieni  border  in  Petersburg  road. — A  small  trap  dike  about 
6  feet  wide,  dipping  85^  E.  and  striking  N.  20^  W.  crosses  the  Peters- 
burg road  at  a  point  about  one-quarter  of  a  mile  inside  the  basin.  The 
western  contact  of  this  intrusion  is  formed  by  a  vein  of  sand  5  inches 
thick,  the  whole  intersecting  red  shales,  dipping  about  30^  W.  This 
dike  has  not  been  traced  over  the  surface.  The  vein  of  sand  is  a  unique 
feature  which  has  not  been  sufficiently  investigated  to  determine  the 
circumstances  of  its  origin. 

The  Nysons  Branch  and  Dry  Bridge  dike, — In  the  railroad  cut  just 
west  of  Dry  Bridge,  on  the  Richmond  and  Danville  Railroad,  a  diabase 
dike,  21  feet  wide,  intersects  the  sandstones  and  shales,  the  latter 
becoming  purple  at  the  contact.  This  dike  strikes  N.  15^  W.  in  the 
cutting.  East  of  the  dike  the  rocks  are  nearly  horizontal;  west  of  it 
they  dip  as  high  as  30'^  W. 

Southward,  along  the  banks  of  Xysons  l^ranch,  and  particularly  on 
the  land  of  Mr.  J.  J.  Wilkinson,  trap  outcrops  arc  found.  Near  the 
Wilkinson  house  the  trap  strikes  N.  88°  W.,  the  dip  of  the  cross-fracture 
planes  <»r  joints  being        X.;  hence  it  may  be  assumed  tliat  the  dike 
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dips  60^  S.  At  one  point  this  dike  has  a  breadth  of  27  feet,  but  for 
the  most  part  it  is  about  4  feet  wide. 

Trap  appears  along  the  eastern  side  of  Nysons  Branch  on  a  course 
a  little  east  of  south,  in  the  direction  of  Otterdale  cross-roads,  and  it  is 
reported  to  occur  in  this  direction  on  the  south  side  of  Swift  Creek, 

Sill  in  the  Salle  and  Burfoot  tracts,  near  the  James  River. — Sir  Charles 
Lyell^  described  the  occurrence  of  "  greenstone''  or  diabase  along  the 
eastern  margin  of  the  basin  south  of  the  James  Eiver,  in  the  tracts 
above  named.  On  the  Salle  tract,  he  states  that  the  rock  was  traced  to 
within  120  feet  of  the  coke.  On  the  Burfoot  tract,  on  the  James  River, 
three-fourths  of  a  mile  above  the  arsenal,  a  mass  of  trap  28  feet  thick 
was  seen  near  breccia  ted  rock  of  hardened  shale  varied  by  patches 
of  carbonaceous  matter  resembling  impure  coke  in  appearance."  The 


Fig.  112. — Diagram  showing  relations  of  dike  and  sill  to  coke  in  Saunders's  slope  at  Gayton,  Virginia. 

D,  gray  altered  diabase;       a  fault. 

trap  is  described  as  overlying  the  coal  in  the  form  of  a  sill  having  the 
same  dip  as  the  coal  beds. 

Sill  at  Gayton  [Edge  Hill),  on  the  north  side  of  the  James  River. — The 
trap  is  again  seen  on  the  north  side  of  the  James,  in  the  Gayton  mines, 
where  Lyell  described  it  as  a  conformable  bed  of  blue  basalt  16  feet 
thick.  About  200  yards  north  of  the  great  coke-pit  of  his  time  the  trap 
was  14  feet  thick  within  26  feet  of  the  surface.  Two  miles  south,  at 
Crouch's  pits,  the  trap  was  not  found. 

In  1896-97  the  trap  was  well  exposed  in  the  bottom  of  Saunders's 
slope  at  Gayton.  It  occurs  here  in  the  form  of  a  sill,  overlying  the  coke 
bed  and  sending  small  apophyses  of  gray  altered  material  into  the  coke, 
seen  from  point  to  point  in  the  roof  of  the  incline.  At  a  depth  of  about 
650  feet  from  the  surface  the  altered  trap  forms  a  dike  4  feet  wide,  cutting 
across  the  coal-measures.  The  coke  is  prismatic  for  a  distance  of  about 
3  feet  on  either  side  of  the  dike.  The  same  columnar  habit  of  the  coke 
is  observed  on  a  smaller  scale  surrounding  the  sides  and  ends  of  the 
little  tongues  of  trap  which  invade  the  upper  part  of  the  coke  bed  (see 
figs.  112, 113).  The  coke  having  this  structure  is  said  to  pop  in  the  fire 
and  is  cast  aside  as  worthless. 


1  Quart.  Jour.  Geol.  Soc.  London,  Vol.  Ill,  1847,  p.  271. 
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The  alteration  of  the  diabase  at  this  point  to  a  depth  so  great  as  650 
feet  below  the  surface  in  the  dike  just  mentioned  is  apparently  due 
to  solfataric  action,  and  is  not  to  be  attributed  to  atmospheric  decay. 
The  same  phenomenon  is  exhibited  in  the  sill  in  the  Jewett's  coke 
shaft  at  Midlothian  and  its  downward  extension  in  the  deep  boring 
at  Salisbury.  The  dike  at  Gayton  exhibits  numerous  vertical  veins  of 
calcite.  A  like  alteration  of  dark  basic  dikes  to  a  light  gray  rock  has 
been  observed  in  the  coal-fields  of  Great  Britain. 
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Fig.  113. — Prismatic  coke  surrounding  small  apophysis  of  trap  in  roof  of  Saunders's  slope. 

DUie  nort\i  of  Gayton, — A  quarter  of  a  mile  north  of  the  Saunders 
shaft  a  natural  exposure  of  the  prismatic  coke  is  seen.  Its  appearance 
is  sliown  in  PI.  XLIV.  From  this  locality  a  dike  maybe  traced  north- 
westward at  intervals  toward  the  middle  of  the  basin. 


ACTION  OF  DIABASE  DIKES  ON  THE  COAL  MEASURES. 

The  most  important  change  efi'ected  in  the  coals  of  the  liichmond 
Basin  by  the  action  of  intrusive  rocks  has  been  the  driving  oif  of 
volatile  matter,  as  in  the  manufacture  of  coke  in  gas  works.  The 
present  openings  in  the  basin  do  not  permit  of  a  satisfactory  exami- 
nation of  the  relation  of  the  intrusive  igneous  rocks  to  the  beds  of  coal 
whicli  have  been  thus  affected. 

According  to  Sir  Charles  Lyell,'  coke  occurs  in  connection  with  an 
inclined  sill  in  the  northern  portion  of  the  field  and  with  a  dike,  ])rob- 
ably  the  Winterpock  dike,  at  Glover  Hill.  The  upper  coal  beds  exhibit 
coking,  a  i)hen()menon  whicli  Lyell  exj)lains  as  due  to  the  intrusion  of 
the  trap  between  the  beds  and  the  action  of  the  escaping  heat  ui)on  the 
overlying  rather  than  tlie  underlying  strata. 

In  the  case  of  the  coke  of  Towne's  and  Powell's  pits,  at  Edgehill,  now 
(iayton,  Lyell  was  incdined  to  refer  the  origin  of  the  coke  only  indirectly 
to  the  trap.  "We  may  attribute,"  he  says,  "the  change  from  coal  to 
coke  not  so  mM(!h  to  the  heating  agency  of  the  intrusive  basalt,  as  to 
its  iiiccliMnical  effect  in  breaking  uj)  the  integrity  of  the  beds,  and 


(^MJirl.  .lour.  <icol.  .Sue.  London,  Vol.  I II,  p.  271-272. 
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rendering  them  permeable  to  water  or  the  gases  of  decomposing 
coal." 

According  to  our  observations,  the  gray  altered  trap  is  closely  asso- 
ciated with  the  altered  coal  beds  or  coke.  AtGayton  the  trap  overlies 
the  coke,  if  it  does  not  by  intrusion  actually  lie  in  the  upper  part  of  the 
bed.  At  Midlothian  the  same  close  relation  between  the  two  rocks  is 
observed.  In  that  part  of  the  field  where  the  under  contact  of  the  trap 
has  been  observed  the  trap  has  become  fissured  after  i^artial  or  com- 
plete cooling  and  the  probably  pitchy  coke  has  run  into  the  fractures  in 
the  form  of  miniature  dikes.    This  action  was  observed  in  Jewett's 

coke  shaft  and  again  in  the  deep  boring  on 
Salisbury.  Above  the  trap  at  Gayton  and 
Salisbury  there  is  a  variety  of  the  coked 
coal,  high  in  ash,  and  having  a  graphitic 
api^earance.  It  is  relatively  soft,  gives  a 
brownish  black  streak  on  paper,  and  rubs 
to  a  high  polish.  It  is  sometimes  pulveru- 
lent in  structure.  We  may  suppose,  there- 
fore, that  the  maximum  action  of  the  sills 
on  the  coal  beds  occurred  along  the  u^^per 
contact  of  the  sills,  and  that  the  lesser 
degree  of  change  requisite  for  making 
natural  coke  Avas  attained  underneath  the 
sill.  The  thickness  of  the  workable  beds 
of  coke,  therefore,  depends  not  only  on 
the  original  thickness  of  the  coal  bed,  but 
also  on  the  position  in  the  bed  occupied 
by  the  invading  igneous  rock,  which  along 
the  eastern  margin  of  the  area  appears 
to  have  followed  the  coal. 
That  the  coking  of  the  coals  may  possibly  have  arisen  from  solfataric 
action  going  on  slowly  and  coincidently  with  the  intrusion  of  igneous 
rocks  in  this  field  is  shown  by  the  alteration  of  the  granitite  in  some  of 
the  mines  on  the  eastern  border.  Thus  in  the  Etna  shaft  at  Midlothian 
the  porphyritic  granitite  was  encountered  in  a  bleached  state,  with  here 
and  there  veins  of  fiuorite  and  iron  X3yrite,  indicative  of  the  former 
presence  of  volcanic  vapors.  As  already  noted,  the  CO2  driven  off 
from  the  coal  in  the  process  of  coking  would  afford  a  powerful  agent 
for  the  decomposition  of  the  diabase. 

APPARENT  ABSENCE  OF  HYDROCARBONS  IN  THE  DIKES. 

The  well-known  fact  that  the  cavities  of  basic  igneous  rocks  some- 
times contain  bituminous  substances  derived  from  vegetable  or  animal 
matter  in  the  rocks  through  which  the  igneous  rock  has  passed,^  sug- 
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Fig.  114.— Sketch  of  a  portion  of  the  core 
from  the  boring  on  Salisbury,  near 
Midlothian,  Virginia,  showing  coke 
dikes  in  lower  part  of  altered  gray  sill. 
Vertical  and  horizontal  scale  the  same. 
Depth  of  boring,  2,370  feet. 


ij.  D.  Dana  (Bitumen  m  trap  amygdules) :  Walks  and  Drives  about  Xew  Haven,  1894,  x»- 106. 
Also  Sllvestri :  Atti  Accademia  Gioenia,  Series  III,  Vol.  XII,  cited  by  6.  Y.  Rodwell.  in  Etna,  London, 
1878,  p.  128.  R.  1.  Murchison  :  Siliiria,  3rd  ed.,  London,  1859,  p.  25.  Abich:  Acad.  Sci.  St.  Petersburg, 
Bull.  Phys.  Math.,  A'ol.  XIV,  Kos.  4  and  5. 
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gested  the  search  for  hydrocarbons  in  the  traps  of  the  Richmond  Basin, 
in  the  hope  that  some  reUition  might  thus  be  established  between  this 
mode  of  occurrence  of  hydrocarbons  and  the  existence  of  coals  in  the 
central  portion  of  the  area.  Either  because  of  the  advanced  disintegra- 
tion of  the  diabase  dikes  near  the  surface,  or  the  lack  of  sufficient  mate- 
rial, neither  the  eye  examination  of  the  diabase  in  the  field  nor  the 
chemical  examination  of  the  rock  in  the  laboratory  revealed  the  exist- 
ence of  the  material  sought  for. 

It  was  thought  that  the  occurrence  of  a  well-developed  vesicular 
structure,  as  in  the  deeper-seated  portions  of  diabase,  might  be 
regarded,  under  the  assumed  conditions,  as  evidence  of  coal,  particu- 
larly if  the  rock  were  locally  vesicular  in  the  manner  of  furnace  slag 
about  a  point  in  which  wood  or  charcoal  has  been  reduced  to  gas  in  its 
mass.  But  the  investigation  of  this  point,  as  was  the  case  with  that 
tirst  cited,  gave  negative  results. 

DIKES  SUITABLE  FOR  ROAD  METAL. 

The  dikes  of  the  Richmond  area  afford  a  possible  sui)ply  of  the  best 
stone  for  road  metal.  They  form  the  nearest  localities  of  trap  to  the 
city  of  Richmond.  The  conditions  under  which  the  materials  occur, 
however,  make  the  quarrying  of  the  dikes  at  present  too  costly.  The 
decay  of  the  diabase  has  in  most  cases  i)roceeded  to  a  point  where, 
perhaps,  more  than  half  of  the  rock  near  the  surface  is  converted  into 
clay,  leaving  only  the  rounded  masses,  signs  of  which  are  found  here 
and  there  on  the  surface.  Enough  traj)  for  the  construction  of  a  few 
miles  of  road  could  be  obtained  by  gathering  the  field  stone  or  bowlders 
along  the  line  of  the  Skinquarter  dike.  By  shallow  trenching  a  greater 
quantity  could  be  procured.  On  the  B.  C.  Watkins  property,  in  the 
vicinity  of  Bernard  Creek,  a  mass  of  trap  lies  well  above  the  stream 
on  the  west  side  and  in  a  position  to  be  quarried.  The  actual  extent 
and  condition  of  the  rock  beneath  the  surface  remain  to  be  determined 
by  excavation.  Except  for  local  purposes,  as  in  tlie  bettering  of  the 
turnpikes  which  cross  the  coal  fields,  the  distance  which  the  material 
must  be  transported  precludes  its  use. 

PERIOD  OF  INTRUSION  OF  THE  DIKES  AND  SILLS. 

All  the  available  evidence  thus  far  obtained  from  the  Richmond 
area  shows  that  the  dikes  and  sills  are  somewhat  more  recent  than  the 
Newark  strata  whicli  now  remain  in  the  area.  Actual  intersections 
of  the  dikes  have  not  been  observed  to  show  any  difference  of  age 
in  these  igneous  rocks.  At  but  one  point,  in  tha  boring  at  Salis- 
bury. liMS  any  (;viden(;e  been  found  to  favor  the  idea  of  successive 
intrusions,  in  this  instinn^e  the  drill  passed  tlirougli  botli  gray 
altered  diabase  nnd  fresh  diabase  in  (;lose  [)r()ximity  and  in  distin(;t 
sheets  in  the  coal  measure  section.  It  is  presumed  from  a  study  of 
dikes  elsewhc^re  tliat  tlie  altered  trap  rei)resents  an  earlier  intrusion 
into  the  soft  wet  eoiil  or  vegetal  beds,  by  the  setting  free  of  the  (H)^ 
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of  which  the  trap  was  altered  into  a  gray  clayey  mass,  and  that  the 
unaltered  diabase  is  a  later  intrusion,  coming  in  after  the  coking  of 
the  coal  beds.  The  interval  of  time  between  these  intrusions  may  have 
been  short. 

The  contact  of  the  larger  dikes  with  the  sandstones  in  the  central 
part  of  the  basin  has  been  shown  (p.  496)  to  have  been  guided  by  joint 
planes,  so  that  the  intrusions  may  be  assumed  to  have  come  in  after  the 
formation  of  these  structures.  The  joints  appear  to  be  due  to  torsion, 
which  can  best  be  explained  as  the  result  of  the  deformation  of  the 
strata  during  the  period  of  faulting.  The  dikes  on  this  supposition 
would  be  made  later  than  the  faults.  The  failure  of  dikes  which  have 
been  traced  for  some  distance  to  show  signs  of  faulting  is  also  presump- 
tive evidence  that  the  period  of  faulting  preceded  the  time  of  igneous 
intrusion.  The  behavior  of  the  intrusive  sheets  on  the  eastern  margin, 
which  follow  the  coal  beds  to  their  outcrop  but  fail  to  appear  in  the 
detached  basins  in  the  old  Blackheath  and  Stonehenge  districts,  is 
probably  due  to  the  fact  that  these  basins  were  already  formed  when 
the  sills  came  in.  The  igneous  intrusions  rising  toward  the  surface 
would  have  overshot  these  depressions,  into  which  the  coal  beds  were 
locally  sunk.  From  these  several  considerations  it  is  concluded  that 
in  this  field  the  igneous  intrusions  came  later  than  the  observed  defor- 
mation of  the  area^  though  they  may  have  been  dependent  on  the  same 
deep-seated  movements. 

MINERALS  FOUND  WITHIN  THE  BASIN. 

The  minerals  arising  from  secondary  changes  within  the  rocks  of  the 
Richmond  basin  are  few  in  number  and,  excepting  the  iron  pyrite,  exist 
in  very  small  quanities,  at  least,  in  those  portions  of  the  strata  which 
are  at  present  open  to  examination.  These  are  iron  pyrite,  carbonate 
of  lime,  siderite,  and  wad.  These  minerals  fall  into  two  groups  accord- 
ing as  they  are  associated  causally  with  the  igneous  intrusions  of  the 
basin,  or  with  ordinary  changes  in  sediments  in  which  carbon,  carbon- 
ate of  lime,  and  iron  are  original  components. 

FihroUte.—In  the  sandstones  of  the  western  margin  at  Manakin  veins 
of  quartz  occur,  inclosing,  according  to  Dr.  Palache's  determination, 
long  acicular  crystals  of  librolite,  a  mineral  usually  found  in  schistose 
rocks  and  as  a  contact  mineral. 

Iron  pyrite. — The  association  of  iron  pyrite  with  some  of  the  coal  beds 
and  shales  of  this  basin  is  probably  quite  independent  of  igneous  action, 
this  mineral  being  usually  present  even  in  lignites  where  no  trace  of 
volcanic  action  is  seen.  There  can  be  little  doubt,  however,  that  the 
distribution  of  certain  iron  pyrite  bodies  has  been  effected  by  the  action 
of  dikes  and  hot  waters,  as  is  shown  by  the  bleaching  of  the  granitites 
underlying  the  coal  beds  and  the  veins  of  pyrite  with  fluorine  which 
intersect  this  rock,  all  of  which  phenomena  point  to  solfataric  action 
long  since  the  formation  of  the  granitite. 

Siderite. — Siderite  occurs  in  the  southern  portion  of  the  basin  in  the 
form  of  septaria  from  a  few  inches  to  a  foot  in  diameter.  Invariably 
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the  carbonate  of  lime  is  iu  excess  and  has  crystallized  ont  in  tbe  con- 
traction gashes  of  the  nodules. 

Carbonate  of  lime. — Calcareous  beds  overlie  the  coal  measures  on 
the  eastern  margin,  as  described  by  Mr.  Heinrich.  These  are  highly 
nodular.  Carbonate  of  lime  also  occurs  in  the  central  part  of  the  basin 
north  of  Swift  Creek,  filling  in  the  spaces  of  a  brecciated  sandstone  in 
the  vicinity  of  the  Ny son's  Branch  dike.  This  fibrous  calcite  is  proba 
bly  the  result  of  hot  springs  coming  up  through  the  calcareous  beds  of 
the  measures,  following  the  intrusion  of  the  dikes.  The  red  shale  is 
here  also  highly  calcareous. 

Calcareous  concretions. — Calcareous  concretions  are  met  with  in  almost 
every  one  of  the  shafts  and  slopes  of  the  eastern  margin.  The  general 
character  of  these  masses  as  they  appear  when  thrown  upon  the  surface 
is  shown  in  PI.  XLY,  from  a  photograph  taken  at  the  mouth  of  an  incline 
sunk  near  Tomahawk  Church,  on  the  eastern  margin. 

The  concretions  vary  in  form  from  nodular  to  spindle-shaped  and  in 
size  from  nuts  to  large  logs.  The  exterior  of  the  masses  is  frequently 
warty  or  marked  by  projections  of  fantastic  shapes.  The  matrix  is 
usually  arenaceous,  and  the  concentric  structure  of  the  masses  is 
obvious,  particuhirly  in  large  specimens. 

The  secondary  accumulation  of  the  carbonate  of  lime  in  the  horizons 
in  which  it  is  found  thus  seems  to  be  proved.  Whether  it  may  not 
have  been  deposited  along  with  the  grains  of  sand  with  which  it  is 
associated  at  the  present  day  is  not  easily  determined,  since  the  oppor- 
tunity of  examining  the  deposits  in  situ  is  rarely  i^ound.  In  the  core 
taken  from  the  drilling  at  Salisbury,  near  Midlothian,  in  1897,  the 
whitish  arenaceous  layers,  composed  of  quartz  and  feldspar,  invariably 
react  with  dilute  hydrochloric  acid,  showing  the  i)resence  of  lime  car- 
bonate. The  dark  shales  interbedded  with  the  sandstones  usually  give 
no  such  reaction  except  in  those  sections  where  calcareous  veins  occur. 
At  Hallsboro,  a  borehole  intercepted  calcareous  shales  with  the  frac- 
ture of  fine-grained  limestones. 

Carbonate  of  lime  also  occurs  in  sandstones  on  the  western  border  as 
in  the  case  of  the  old  shaft  at  Manakin.  Here  the  carbonate  of  lime 
is  not  concretionary,  but  forms  the  cement  embedding  the  sand  and 
fossils.  The  sandstones  referred  to  contain  vertebrate  bones,  a  proba- 
ble source  of  the  cement. 

Hematite  ore  used  for  fettling  was  formerly  obtained  from  the  eastern 
margin  in  the  vicinity  of  the  Salle  and  liurfoot  tracts.' 

TEMPERATURE    GRADIENT   OF   THE   ROCKS   IN   THE  RICHMOND 

BASIN. 

Prof.  \V.  B.  Rogers  made  a  series  of  observations  ui)oii  tlie  tempera 
ture  of  the  rocks,  the  air,  and  the  water  of  th(^  mines  at  different 
depths  in  the  vicinity  of  Midlothian  during  the  progress  of  his  survey 
of  the  State.    The  results  of  these  observations  were  published  in  the 

'Will,  riiflord  oji.  fit.,  1888,  p.  349. 
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Transactions  of  the  Association  of  American  Geologists  and  l!^^at- 
uralists  for  1840-1842.^  He  concluded  for  this  region  that  from  "the 
invariable  plane  downward  for  many  hundred  feet  the  temperature 
augments  at  the  rate  of  1°  for  every  60  feet  in  depth." 

An  observation  made  by  the  United  States  Geological  Survey  in  the 
deep  boring  of  Salisbury  tract  in  February,  1898,  at  the  depth  of  2,076 
feet  gave,  according  to  Mr.  Barton's  calculation,  a  rate  of  augmentation 
of  1°  in  47  feet.  It  is  probable  that  Professor  Eogers  assumed  too  high 
a  mean  annual.  This  and  other  records,  the  taking  of  which  is  in 
progress,  will  be  discussed  in  a  forthcoming  bulletin  of  the  Survey  by 
Mr.  i^.  H.  Barton. 


'Geology  of  the  Virginias,  I'eprint  1884:  Observations  of  subterranean  temperatures  in  the  coal 
mines  of  eastern  Virginia,  pp.  567-574. 


CHAPTER  YI, 


POST-XEW  ARK  CIIAXGES. 
POST-NEWARK  DEPOSITS. 

Several  observers  have  recognized  within  the  Kiclimond  area  the 
occurrence  of  patches  of  strata  of  more  recent  date  than  the  Newark 
system.  The  discrimination  of  these  sediments  from  the  Newark  rocks 
is  not  always  satisfactory,  for  the  reason  that  the  lithological  charac- 
ters of  both  formations  are  similar  and  the  measure  of  atmospheric 
decay  is  the  same. 

The  distinction  between  Newark  and  post-Newark  formations  is 
best  observed  about  the  margins  of  the  Kiclimond  area,  where  the  coal- 
bearing  strata  are  tilted  at  high  angles  and  their  eroded  edges  are 
overlain  by  the  newer  sediments.  The  post-Newark  rocks  are  found 
in  noteworthy  masses  only  in  the  interstream  areas,  as  in  the  divide 
which  separates  the  waters  of  the  elames  from  Swift  Creek. 

These  post-Newark  deposits  were  clearly  once  more  extensive  in  this 
basin  than  they  now  are.  Their  occurrence  as  remnants  on  divides  and 
high  points  within  the  field  is  explainable  only  on  the  supposition  that 
laroe  areas  of  these  rocks  have  been  swept  away  in  the  development 
of  the  present  drainage  system  of  this  i)ortion  of  the  Piedmont  dis- 
trict. The  deposition  of  at  least  certain  members  of  this  series  of 
deposits  was  preceded  by  stream  erosion.  This  feature  of  the  topog 
raphy  is  shown  by  the  limited  sections  in  the  Blackheath  area,  near 
Midlothian.  In  this  small  tract  excavations  have  shown  the  existence 
of  a  valley  of  moderate  deptli  cut  into  the  tilted  coal  beds,  the  trench 
thus  formed  being  subsequently  tilled  with  compact  yellowish  clay 
having  a  cobblestone  layer  at  base.  The  present  drainage  system  has 
been  incised  in  these  superficial  deposits  along  the  line  of  the  ancient 
valley. 

The  most  extensive  exhibition  of  these  post-Newark  beds  in  the  area, 
that  already  njentioned  as  forming  the  divide  on  wliich  the  Bucking- 
ham or  Midlothian  turnpike  crosses  the  coal  basin,  reveals  a  thickness 
of  strata  probably  as  great  as  30  feet.  In  the  vicinity  of  Midlothian 
this  formation  is  composed  of  a  yellowish  clay  stratum  below,  overlain 
by  a  quartz  i)el)ble  bed,  which  is  in  turn  surmounted  by  mottled  sandy 
clays.  Fossils  have  so  far  not  been  found  in  this  group,  e\cei)t  those 
included  in  ])ebbles  of  older  date. 

The  i)ebl)le  beds  are  well  exposed  in  the  Southcni  Railway  cut 
between  Nyson's  IJranch  and  the  public  road  crossing  the  railroad 
about  1  mile  east  of  Dry  l>ridge  Station  (see  PI.  XLVI).  The  beds 
here  consist  of  the  usual  conglomerate  of  (juartzite  and  quartz  pebbles, 
mainly  if  not  altogether  materials  derived  from  the  Paleozoic  strata  in 
the  K'gion  of  tlie  I>lue  Kidg<*  and  the  (ireat  \'allev  of  N'irginia.  Some 
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of  the  quartzite  pebbles  contain  casts  of  a  Scolithus  or  vertical  worm 
burrow.  In  a  line-grained,  white,  decomposed  hornstone  was  found 
the  internal  cast  of  Spirifera  cumherlandke  Hall,  as  determined  by  Dr. 
E.  T.  Jackson.  A  fragment  of  a  tabulate  coral  was  also  found  in  this 
gravel. 

Prof.  W.  B.  Kogers^  described  these  and  similar  deposits  in  the 
vicinity  of  Eichmond,  Virginia,  and  Washington,  D.  C,  in  1875.  He 
mentions  the  occurrence  of  numerous  cobbles  of  quartzite  with  Scolithus 
linearis^  and  he  referred  this  group  of  pebbles  to  the  sandstones  west 
of  the  Blue  Eidge.  He  also  noted  the  limitation  of  the  materials  to 
the  lines  of  the  great  river  valleys,  and  attributed  the  transportation 
of  the  detritus  to  water,  aided  by  ice,  working  probably  at  a  higher 
level  than  the  i^resent. 

Later  Mr.  W  J  McGee  reviewed  the  evidence  concerning  the  super- 
ficial deposits  of  the  Atlantic  coast  and  recognized  two  important 
groups  newer  than  the  fossiliferous  Tertiary  strata,  the  Lafaj^ette  and 
the  Columbia  beds. 

Horizontal  beds  of  clay  and  sand  resting  on  granite  are  seen  in  the 
railway  cut  at  Bon  Air,  east  of  Midlothian  (see  PI.  XLVII).  These 
strata  are  provisionally  classed  with  those  of  post-Newark  age. 

WEATHERING  OF  ROCKS  IN  THE  AREA. 


WEATHERING  OF  GRANITE  AND  GNEISS. 

The  complex  processes  of  leaching  and  redeposition  of  mineral  mat- 
ter in  the  decomposition  of  granite  under  atmospheric  decay  is  illus- 
trated by  an  instance  revealed  in  the  softened  rock  east  of  Midlothian. 

The  granite  where  the  decayed  zone 
has  not  been  removed  by  erosion,  as 
in  the  stream  bottoms,  is  so  soft  as  to 
be  readily  pared  with  a  knife.  The 
concentric  structure  of  the  decom- 
posed joint  blocks  is  clearly  marked 
by  the  deposition  of  black  oxide  of 
manganese  in  the  joints  formed  dur- 
ing the  period  when  the  rock  still 
possessed  the  property  of  yielding  as 
a  mass  to  strain.  The  rock  is  col- 
ored deep  yellow  by  the  oxide  of  iron^ 
'  and  mottled  with  white  patches  which 

Fig.  115.— Portion  of  a  section  of  soft,  decom-  ,       ,       ,o.  ,  ... 

posed  granitite  exposed  in  a  washout  near  marked   the  kaolinized  porphyritic 

Midlothian,  Virginia,    a,  yellow  decomposed   feldsparS    of  the   Original  grauititC. 

Bordering  the  concentric  fractures, 
which  have  been  charged  with  vein- 
lets  of  black  oxide  of  manganese,  is  a  bleached  zone  from  which  the 
iron  oxides  have  disappeared  (see  fig.  115). 


'Proc.  Boston  Soc.  Nat.  Hist.,  Vol.  XVIII,  1875,  pp.  101-106.  Also  in  reprint  Geology  of  the  Vir- 
ginias, 1884,  pp.  700-713. 
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The  gueisses  of  the  western  border  weather  rather  less  readily  than 
the  coarse  granites  of  the  eastern  margin,  mainly  because  the  gneiss 
contains  more  quartz.  A  part  of  these  gneisses  appears  to  be  an 
ancient  sheared  quartz-porphyry,  a  group  of  rocks  which  resist  weath- 
ering longer  than  granite.  Notwithstanding  this  relative  resistance  to 
weathering,  there  are  bands  of  deeply  decayed  gneisses,  and  the  rains 
have  carved  in  these  fields  channels  and  miniature  river  systems  imita- 
tive of  bad-land  sculpture.  Such  a  piece  of  topography  is  shown  in 
PI.  XLVIII,  reproduced  from  a  photograph  taken  from  a  point  south 
of  Mosley  Junction. 

WEATHERED  GRANITE  BLOCKS  ON  THE  EASTERN  MARGIN. 

A  Striking  feature  of  the  eastern  boundary  of  the  Richmond  area, 
where  that  is  formed  by  the  granitite  previously  described,  is  the  occur- 
rence of  a  narrow  belt  of  land,  next  the  Newark  margin,  more  or  less 
encumbered  with  granitic  bowlders  varying  in  size  from  cobbles  uf> 
to  rounded  masses  10  feet  or  more  in  diameter  (see  PI.  XLIX).  These 
weathered  blocks,  of  the  same  lithological  structure  as  the  underlying 


Fig.  116. — Diagrammatic  section  showing  position  of  weathered  blocks  in  reference  to  Newark  and 

Recent  zones  of  weathering. 

rock  where  that  can  be  seen,  for  some  reason  are  singularly  limited  to 
the  margin  of  the  basin,  or  if  they  occur  over  the  granite  areas  to  the 
eastward  seldom  give  rise  to  such  large  bowlders  as  those  common 
along  the  line  designated.  In  the  present  period  of  atmospheric  decay 
the  granites  in  the  two  fields  have  been  exposed  to  like  conditions. 
The  belt  of  weathered  blocks  along  the  border  of  the  Kichmond  J)asin 
becomes  thus  in  some  way  connected  causally  with  that  geologic  feature. 

As  has  been  shown  in  the  description  of  the  basal  members  of  the 
Newark  system,  the  principal  mineral  constituents  of  the  granitite,  viz., 
the  quartz  and  feldspar,  occur  as  mineralogically  separate  particles, 
pointing  to  the  disintegration  of  the  granitite  in  jne-Newark  times. 
AVhen  the  ancient  weathered  surface  was  buried  by  the  Newark  sedi- 
ments a  zone  of  decay  must  liave  remained  unattacked  by  erosion. 
Under  the  conditions  of  deep  burial,  this  zone,  shut  off  from  the  oxygen 
of  the  air  and  the  acids  which  ])romote  decay,  would  have  experienced 
an  arrest  of  tlic  ordinary  atmosi)lieric  ])ro(!esses  of  (lcc()ni])()sition  and 
disintegration.    Tlic  weathering  would  already  ha\('  ixMirt i  jitrd  down 
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ward  aloDg  the  master  joints,  outliDiiig  blocks  witli  unv^eatliered  cen- 
ters. When,  after  the  dislocation  of  the  Triassic  beds  and  the  tilting 
of  the  old  land  surface  to  its  present  attitude,  the  new  land  surface 
was  imposed  by  denudation  on  this  ancient  structure,  the  following 
results  would  take  place:  Atmospheric  decay  attacking  all  parts  of  the 
surface  alike,  on  either  side  of  the  border  in  question,  would  advance 
most  rapidly  in  the  weakest  rocks.  The  granitite  just  below  the 
ancient  Newark  land  surface,  having  been  once  partly  weathered, 
would  first  give  way  and  leave  decomposition  blocks  (see  fig.  IIG). 

In  the  deep  boring  south  of  Midlothian  "granite  bowlders'^  were 
reported.^  The  conditions  of  sedimentation  at  the  base  of  the  Newark 
along  the  eastern  margin  were,  as  is  indicated  by  the  arkose  beds,  such 
as  to  lead  us  to  sui)pose  that  these  fragments  were  ancient  weathered 
blocks  rather  than  members  of  a  true  basal  conglomerate,  as  that  for- 
mation is  commonly  understood. 

We  are  fully  warranted  in  distinguishing  a  fundamental  layer  of 
blocks,  however  much  rounded  by  decay,  reposing  at  the  base  of  a 
system  of  sediments  on  an  ancient  land  surface,  such  as  the  Newark 
affords,  from  a  true  basal  conglomerate  representing  a  succession  of 
overlapping  beaches  or  torrent  cones.  The  basal  conglomerate  may 
contain  rocks  of  diverse  kinds,  derived  from  several  terranes.  By 
reason  of  the  transportation  of  the  materials,  the  fragments  are  apt  to 
repose  on  unlike  rocks.  They  are,  in  a  word,  prevailingly  exotic.  On 
the  other  hand,  by  the  process  of  weathering,  with  the  deportation 
of  dissolved  materials  by  water  and  the  blowing  away  of  dust  by  the 
winds,  there  may  be  left  behind  the  insoluble  or  undissolved  remnants, 
to  form  autochthonous  dej)osits  which  simulate  basal  conglomerates. 
By  slight  redeposition,  through  the  transgression  of  the  sea  or  the  reju- 
venation of  streams,  this  sedentary  debris  may  pass  into  a  true  basal 
conglomerate. 

The  abundant  signs  of  long  continued  atmospheric  decay  in  the  tract 
about  the  Newark  area  makes  it  probable  that  the  basal  conglomerates, 
where  not  composed  of  weathered  blocks  unaffected  by  subsequent 
water  action,  at  least  originally  strewed  the  land  surface  precisely  as 
such  blocks  and  fragments  occur  on  the  desert  tracts  of  South  Africa, 
India,  or  Argentina. 

WEATHERING  OF  QUARTZITE  PEBBLES. 

It  is  a  well-known  fact  that  the  disintegration  of  angular  and  sub- 
angular  masses  of  rocks  first  becomes  visible  u]3on  their  corners  and 
edges.  This  is  because  the  decomposition,  penetrating  inward  on 
intersecting  faces,  produces  in  the  region  of  their  intersection  a  double 
attack  where  two  ])lanes  intersect  and  a  tri^^le  attack  on  a  corner 
where  three  planes  form  the  salient  of  the  mass.    Certain  of  the 

1  Heinricli,  op.  cit. 
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Quartzite  pebbles  lying  upon  the  ridge  on  the  north  bank  of  the  James 
near  Tuckahoe  Creek,  in  Goochland  County,  illustrate  this  feature. 
These  i)ebbles  are  relatively  rare.  Similar  pebbles  exhibit  no  signs 
of  this  disintegration  and  falling  away  of  grains.  The  undisintegrated 
portion  of  the  pebbles  has  a  hard  smooth  surface,  frequently  concave, 
as  if  the  pebbles  had  escaped  from  a  conglomerate  where  they  were 
compressed. 

CONCENTRIC  SHELLS  OF  COLOR  BANDINO. 

The  weathered  sandstones  on  the  south  bank  of  the  James  Elver,  as 
for  instance  along  the  private  road  northward  from  Moss's  store,  are 
marked  by  concentric  bands  of  iron  oxides  simulating  alternating  bands 
of  differently  colored  layers  of  sandstone  on  so  large  a  scale  and  so 
closely  as  to  make  it  difficult  to  distinguish  this  secondary  banding 
from  the  original  stratification.  Some  large  concretions  of  this  character 
occur  at  about  the  same  horizon  in  the  sandstones  on  the  north  bank  of 
the  river  at  Tuckahoe  (see  PI.  XXXVII). 


CHAPTER  YII. 


ECOlSrOMIC  GEOEOGY  OF  THE  BASIK. 

All  the  important  facts  which  have  been  ascertained  concerning  the 
deposits  of  the  Richmond  Basin  have  been  stated  in  the  preceding  pages 
of  this  report.  It  is  desirable,  however,  that  they  should  now  be  con- 
sidered from  the  economic  point  of  view.  The  value  of  these  materials 
other  than  the  coals  is  so  small  that  they  may  be  dismissed  with  a  brief 
statement. 

Soils. — As  to  the  soils  of  this  area,  it  may  be  said  that  with  the  excep- 
tion of  the  alluvial  plains  (see  PI.  L),  some  of  which  form  a  fringe  along 
the  James  River  and  other  considerable  streams  above  the  present  level 
of  the  flood  waters,  the  tillable  layer  is  composed  of  residual  deposits 
arising  from  the  decay  of  the  Kewark  beds.  Owing  to  this  origin  they 
are  sandy  clays,  or  occasionally  nearly  pure  sands.  At  the  best  they 
are  of  a  rather  low  order  of  natural  fertility,  though  they  would  respond 
quickly  to  systematic  culture  with  the  use  of  fertilizing  materials.  The 
fact  that  the  area  underlain  by  the  Newark  beds  has  been  less  stripx)ed 
of  its  forests  than  the  surrounding  country,  where  the  underlying  rock 
is  granite  or  mica- schist,  shows  that  the  present  methods  of  agriculture 
are  relatively  unprofitable  in  this  field. 

Building  stones. — ls"one  of  the  rocks  in  the  J^ewark  section  are  suit- 
able for  use  as  building  stones.  The  subjacent  granitic  rocks  have  no 
commercial  value,  as  like  materials  are  more  conveniently  accessible 
at  other  points  in  this  district.  Some  of  the  beds  of  shale  lying  over  or 
under  the  coals  may  be  found  suitable  for  making  road-paving,  or  ])er- 
haps  fire  brick.  If  this  should  prove  to  be  the  case,  the  culm  from  the 
coal  mines  might  well  be  used  in  the  process  of  burning  the  clay.  In 
case  this  clay,  made  by  grinding  the  shales,  were  used  for  road-paving 
brick,  it  would  probably  be  found  advantageous  to  coke  the  dust,  using 
the  waste  gas  in  the  kilns. 

Ores. — There  are  no  ores  known  to  occur  in  the  basin  in  economically 
valuable  quantities.  There  are  reports  that  sulphur  has  been  found  in 
small  quantities  near  the  surface,  but  inquiry  has  failed  to  verify  these 
statements.  It  is  in  the  coals  and  the  related  natural  coke  and  jet  that 
the  economically  important  earth  products  of  the  area  are  found. 

Jet. — Beginning  with  the  least  important  of  these,  the  jet,  it  may  be 
said  that  the  conditions  of  its  occurrence  are  little  known.  They  are 
such  as  to  indicate  that  it  is  worth  while  to  make  explorations  that  may 
better  determine  the  nature  and  extent  of  the  deposits.  The  senior 
author  has  examined  the  localities  m  northern  England  where  the  prin- 
cipal supply  of  this  material  is  mined  from  two  Triassic  strata.  There 
510 
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tbe  material  of  best  quality  is  found  at  cousiderable  depths  beneath  the 
surface,  in  masses  rarely  of  more  than  a  few  pounds  in  weight.  As  jet 
is  used  only  for  personal  ornaments  in  the  form  of  beads,  etc.,  the 
demand  for  it,  owing  to  the  variations  of  fashion,  is  very  irregular.  Of 
late  it  has,  to  a  great  extent,  been  replaced  by  black  glass,  which  is 
much  more  cheaply  shaiied. 

Colie. — The  natural  coke  of  this  field  varies  much  in  quality  and  tex- 
ture, ranging  from  a  dense,  amorphous,  graphitic-looking  material  to 
that  which  in  general  aspect,  especially  in  the  prismatic  form  of  the 
masses,  resembles  the  non-compact  varieties  i)roduced  in  modern  ovens. 
As  the  coking  has  evidently  been  due  to  the  intrusion  of  somewhat 
localized  masses  of  trap,  the  distribution  of  these  cokes  is  irregular  and 
their  quality  is  variable,  because  of  the  difierences  in  the  original  com- 
position of  the  coal  and  in  the  heat  which  has  been  applied  to  them. 
As  to  the  proi)ortion  of  the  coal  of  the  basin  which  has  been  coked  by 
the  trails,  no  sufticient  data  for  a  reckoning  can  be  obtained.  Judging 
from  the  experience  afforded  by  the  mining  along  the  outcroj)  edges  of 
the  field,  i)robably  less  than  one-fifth  of  the  coal  has  undergone  this 
change. 

Although  the  natural  coke  of  the  Richmond  Basin  has  been  long  in 
use,  there  appear  to  be  no  sufficient  tests  of  its  economic  value.  As  a 
domestic  fuel  it  is  well  esteemed  in  the  neighborhood  and  in  towns  of 
the  vicinity.  It  is  in  one  feature  evidently  sui)erior  to  artificial  coke  in 
that  it  is  denser,  having  more  nearly  the  quality  of  anthracite.  So  far 
as  has  been  learned  no  adequate  trial  has  been  given  it  to  ascertain  its 
fitness  for  metallurgical  work.  This  inquiry  appears  to  be  worth  mak- 
ing. Should  the  material  prove  serviceable,  it  would  afford  a  much 
cheaper  fuel  lor  ore  smelting  than  any  now  available  in  this  district. 
Should  experiments  in  smelting  furnaces  be  made  with  the  natural  coke, 
it  is  important  to  recognize  the  fact  that  the  material  varies  consider- 
ably in  quality  according  to  the  nature  of  the  original  coal  and  the  con- 
diticms  in  which  the  coking  was  brought  about.  In  some  varieties, 
where  the  original  coal  contained  a  good  deal  of  lime  carbonate  in  the 
form  of  small  veins,  tbe  coke  carries  a  share  of  lime  which  may  advan- 
tageously affect  its  action  in  the  furnace.  Much  variation  in  the  amount 
of  ash  is  to  be  exi)ected.  At  some  points  the  share  of  earthy  matter 
will  be  found  so  large  as  to  make  the  material  unfit  for  use. 

Bituminous  coal. — The  coals  of  this  field  are  quite  sharply  i)arted 
from  the  cokes.  In  most,  if  not  all,  instances  the  evident  effects  aris- 
ing from  the  heat  brought  in  by  the  traps  stops  rather  suddenly,  so 
that  ther(i  is  ])ut  a  small  amount  of  material  intermediate  bc^tween  coke 
and  coal.  The  character  of  the  true  coals  is  (piite  variable,  as  the 
diversity  of  the  analyses  shows.  The  ran<;e  in  ash  is  greater  than  is 
commonly  found  in  neighboring  beds  oi'  in  different  i)ortions  of  the 
same  bed  in  rocks  of  the  (Jarboniferous  period. 

As  regards  the  amount  of  fixed  carbon  and  volatile  matter  which 
they  contain,  tliese  coals  arc  satisfactoiy.    At  some  points  where  the 
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beds  have  been  subjected  to  much  shearing  there  are  infiltrations  of 
lime  carbonate  in  the  form  of  numerous  small  veins.  Where  this  con- 
dition exists  It  is  desirable  that  the  coal  be  broken  and  washed  "  by 
some  of  the  well-known  methods,  as  by  the  use  of  jigs.  In  certain  por- 
tions of  the  coal  beds  there  is  a  notable  quantity  of  iron  pyrite,  in 
amount  sufficient  to  fire  the  old  dumps.  This  substance  is,  as  is 
usual  in  bituminous  coals,  disseminated  through  the  body  of  the 
seams.  As  it  is  to  a  great  extent  gathered  in  the  joint  planes,  it  may 
be  in  large  part  removed  by  washing,  by  which  treatment  an  excellent 
fuel  should  be  obtained. 

It  is  commonly  believed  that  the  ash  of  the  coal  and  coke  of  the 
Richmond  basin  is  more  likely  to  flux,  and  thereby  to  clog  grate  bars, 
than  is  the  case  with  the  products  of  the  western  Appalachian  mines. 
This  evil  would  probably  be  diminished  by  washing,  which  would 
remove  the  lime  contained  in  the  small  veins.  So  far  as  this  lime 
is  a  component  of  the  ashy  matter  which  is  interstitially  diffused  in 
the  coal,  washing  would,  of  course,  not  remove  it.  It  does  not  seem 
likely  that  the  inconvenience  arising  from  this  source  would  prove 
serious,  provided  the  product  of  the  mines  were  marketed  in  such 
quantities  and  in  a  sufficiently  steady  manner  to  induce  a  proper 
adaptation  of  furnaces  and  practice  in  firing  to  its  peculiarities.  In 
this  connection  it  is  to  be  noted  that  it  requires  patient  management 
to  bring  into  general  use  a  fuel  which  differs  in  quality  from  that  to 
which  consumers  have  been  accustomed.  Even  if  it  be  quite  as  good 
as  that  in  use,  the  inconvenience  of  having  to  change  the  conditions 
of  firing  SD  as  to  win  the  value  from  the  new  source  may  hinder  its 
introduction.  The  relatively  small  cost  of  transporting  the  coal  of  the 
Richmond  basin  to  tide  water  should  go  far  to  counterbalance  the 
difficulties  which  arise  from  the  above-noted  features  of  the  material. 

Extent  of  the  coal  beds. — As  to  the  area  of  the  basin  underlain  by  the 
coal  beds,  the  evidence  may  be  stated  as  follows :  On  the  eastern  mar- 
gin, where  the  beds  are  best  placed  to  be  exposed  in  natural  sections 
(see  PI.  LI),  and  where  they  have  been  most  extensively  worked  in  former 
years,  there  is  a  fair  presumption  that  the  deposits  are  substantially  con- 
tinuous. Where,  as  is  shown  on  the  map,  the  coal  beds  have  not  been 
found,  as  is  the  case  in  two  considerable  section^  of  the  eastern  border, 
the  failure  of  the  slight  explorations  to  disclose  them  may  be  fairly 
explained  by  the  existence  of  faults  which  have  thrown  the  beds  down 
or  up,  so  that  the  shallow  pits  which  were  sunk  did  not  pass  through 
the  deep  surface  rubble.  So  far  as  has  been  learned,  there  were  no  indi- 
cations in  the  old  workings  that  the  coals  were  fading  out  in  the 
directions  of  these  portions  or  the  margin  where  they  have  not  yet . 
been  found.  In  the  blank  north  of  the  Clover  Hill  mines  the  streams 
run  so  near  the  position  of  the  outcrop  that  exploration  has  been  dis- 
couraged by  the  difficulty  which  would  evidently  be  encountered  from 
surface  water. 
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On  the  western  margin  the  coals  are  practically  unknown  from  a  point 
about  2  miles  south  of  the  James  River,  at  the  Old  Dominion  pits,  to 
the  southern  extremity  of  the  basin,  though  there  are  traces  of  the  dark 
shales  which  are  probably  associated  with  it.  In  this  part  of  the  bor- 
der the  failure  to  discover  the  beds  may  well  be  due  to  the  abrupt 
downfaulting  which  is  known  to  exist  along  this  line.  At  only  one 
point,  viz,  in  the  stream  bed  of  Turkey  Branch,  has  it  been  possible  to 
obtain  a  tolerably  continuous  section  of  the  beds  on  the  western  mar- 
gin of  the  field.  This  failed  to  reveal  the  coal-bearing  beds,  but  there 
is  reason  to  believe  that  they  may  have  been  thrown  down  by  an  unob- 
served fault  traversing  a  portion  of  the  line  where  the  strata  were  not 
disclosed,  or  that  they  are  to  be  found  under  a  slight  cover  of  alluvium. 

As  to  the  extension  of  the  coal  beds  beneath  the  central  parts  of  the 
area,  the  evidence  in  hand  is  insufficient  to  warrant  a  definite  state- 
ment. The  conditions  maybe  briefly  set  forth  as  follows:  The  toler- 
ably complete  if  not  perfect  continuity  of  the  beds  on  the  eastern 
margin  and  at  either  end  of  the  basin  appears  to  afford  fair  evidence 
that  the  coal  beds  have  a  continuous  habit.  It  has  been  suggested 
that  the  coals,  though  continuous  along  the  margin  of  the  basin,  may 
be  lacking  in  the  central  parts  of  its  area.  But  it  should  be  noted  that 
the  present  outcrop  line  is  not  to  be  regarded  as  the  original  border  of 
the  coal-bearing  strata.  That  line  was  probably  miles  east  of  its  i^resent 
position.  The  existing  face  is,  in  effect,  a  chance  north  aud-south  sec- 
tion of  the  deposits.  There  is  no  evident  reason  based  on  the  character 
of  this  outcrop  why  a  like  exhibition  of  coal  beds  should  not  be  had  if 
the  face  were  carried  1,  2,  or  3  miles  westward. 

The  failure  to  find  the  coal  beds  in  the  Sinking  shaft  and  in  the  drill 
hole  in  its  bottom  has  been  considered  as  evidence  that  these  beds 
were  lacking  at  a  point  about  1  mile  from  its  margin.  This  failure  to 
attain  the  coal  is  to  be  explained  in  the  light  of  the  information 
obtained  in  the  Salisbury  boring.  The  depth  at  the  Sinking  shaft  was 
altogether  insufficient  to  traverse  the  barren  strata,  the  drill  most 
likely  not  penetrating  to  within  2()()  feet  of  the  level  where  the  coal 
beds  might  be  looked  for.  The  Salisbury  drill  hole,  on  the  other  hand, 
has  shown  the  coal-bearing  rocks  at  a  distance  of  a  mile  from  the 
eastern  main  outcrop,  at  a  depth  of  about  2,350  feet  below  the  surface. 

When  all  the  evidence  is  weighed,  it  leads  to  the  conclusion  that  the 
central  portions  of  the  area  most  likely  contain  coal  beds  in  sometiiing 
like  the  measure  that  they  are  exhibited  in  the  margin.  The  measure 
of  the  i)robability  of  such  occurrence  is  rather  greater  as  regards  that 
portion  of  the  field  which  lies  to  the  east  of  a  line  drawn  from  the 
Clover  Uill  pits,  near  the  southern  end  of  the  basin,  to  the  Old 
Dominion  mines,  on  the  western  niargin  about  2  miles  south  of  the 
James  River,  than  it  is  concerning  the  held  west  of  that  line.  This  is 
for  the  reason  that  ontcrops  hav(*.  not  been  found  along  the  western 
margin  south  of  tlu^Old  I )o!niiiion  ])roi)erty,  thongli,  as  before  noted, 
19  GEOL,  PT  2  33 


514  GEOLOGY  OF  THE  RICHMOND  BASIN,  VIRGINIA. 


their  failure  to  occur  may  be  accounted  for  by  accidents  of  faulting. 
Leaving  out  of  the  reckoning  the  southwestern  portion  as  possibly 
lacking  the  coal-bearing  beds,  there  remains  an  area  of  about  150 
square  miles  where  the  deposits  may  reasonably  be  expected  to  occur. 

Although  the  information  obtained  from  the  existing  and  the  old 
workings  show  the  coal  to  vary  greatly  in  thickness,  and  some  of  the 
beds  much  in  quality,  it  is  a  not  unreasonable  estimate  that  the  aver- 
age thickness  of  the  workable  material  is  12  feet.  Allowing  for  occa- 
sional strips  of  coal  which  have  been  crushed  by  faulting  and  for  loss 
in  treatment  in  the  breaker,  the  yield  per  acre  may  be  roughly  esti- 
mated at  1,000  tons  per  foot  in  depth,  or  a  total  of  12,000  tons.  The 
total  area  which  is  reckoned  as  most  probably  coal  bearing  (150  square 
miles  by  640  acres)  equals  96,000  acres,  which,  on  the  basis  of  yield 
above  adopted,  would  give  a  total  content  of  1,152,000,000  tons.  This 
reckoning,  it  should  be  said,  rests  altogether  on  probabilities.  It  can 
not  be  taken  as  an  estimate  such  as  would  warrant  an  account  of 
values.  It  is  merely  the  best  that  can  at  present  be  done  toward  eluci- 
dating a  very  obscure  and  difficult  economic  problem.  It  should  be 
understood  that  in  no  part  of  the  field  would  it  be  judicious  to  under- 
take mining  estimates  or  operations  without  careful  preliminary  explo- 
rations by  means  of  the  drill. 

The  variation  in  the  number  and  thickness  of  the  coal  beds,  as  will 
be  seen  from  the  sections  given  in  this  report,  is  considerably  greater 
than  is  encountered  in  the  other  coal  fields  of  this  country  east  of  the 
Mississippi  Eiver.  In  none  of  the  mines  does  it  appear  that  less  than 
two  beds  of  workable  thickness  are  encountered.  In  other  instances 
there  is  reason  to  believe  that  three,  four,  and  at  Clover  Hill  even  five 
beds  of  economic  value  were  found.  Although  all  these  beds  thicken 
here  and  thin  there  and  probably  at  points  unite  or  separate,  the  coal- 
bearing  character  of  the  section  in  which  they  lie  is  probably  main- 
tained in  a  tolerably  continuous  manner. 

Depth  of  the  coal. — The  question  as  to  the  depth  at  which  the  coals 
lie  in  the  central  parts  of  the  basin  or  even  at  the  distance  of  a  mile 
from  the  margin  can  not,  for  lack  of  information,  as  yet  be  satisfactorily 
dealt  with.  The  fact  that  the  beds  near  the  surface  in  the  central  i)or- 
tions  of  the  field  show  much  less  dip  than  those  on  the  margin  has 
been  taken  as  evidence  that  the  deep-lying  coal  measures  are  likewise 
in  an  approximately  horizontal  position.  One  of  the  results  of  the 
survey  discussed  in  this  report  is  to  show  that  the  lower  strata  are 
probably  more  disturbed  than  those  near  the  top  of  the  series.  All  the 
considerable  body  of  evidence  which  has  been  gathered  leads  to  the 
supposition  that  while  the  interior  of  the  basin  may  be  somewhat  less 
faulted  than  the  parts  which  have  been  explored,  the  difference  will  be 
only  in  degree,  irregularly  faulted  blocks,  each  dipping  but  little,  and 
broken  seams,  with  their  several  areas  separated  from  one  another  by 

troubled  ground,"  extending  throughout  the  field.  The  broken  con- 
dition of  the  basement  rocks  makes  it  very  difficult  to  reckon  the  depth 
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of  the  section  above  the  coals  at  any  considerable  distance  from  the 
margin. 

In  the  present  condition  of  our  knowledge  of  the  basin  it  will  be 
safe  to  assume  that  at  the  distance  of  a  mile  from  the  eastern  outcrop 
the  coal-bearing  section  lies  at  a  depth  of  about  2,500  feet  below  the 
surface.  Farther  toward  the  interior  of  the  field  the  depth  at  which  it 
will  be  found  will  probably  be  somewhat  greater.  It  is  not  impossible 
that  at  some  points  the  faulting  has  carried  these  deposits  more  than 
4,000  feet  below  the  present  surface.  From  what  has  been  learned  of 
the  conditions,  it  seems  unlikely  that  the  section  in  which  the  coals 
belong  is  at  any  point  as  deep  as  5,000  feet. 

In  the  x^resent  condition  of  the  art  of  mining  the  cost  of  working 
coal  seams  at  the  greatest  depth  above  mentioned  would  not  be  pro- 
hibitive, provided  there  were  no  other  elements  of  expense  than  those 
due  to  the  construction  of  the  shafts  and  the  charges  for  hoisting.  In 
this  field,  however,  there  are  certnin  important  hindrances  to  be 
reckoned  with.  Much  of  the  rock  to  be  passed  through  by  the  shafts 
is  penetrated  by  very  numerous  minute  faults,  the  faces  of  the  frac- 
tures not  having  been  cemented  together  since  their  formation.  These 
ruptures  will  be  likely  to  cause  the  material  to  creep  under  the  i)ressure 
to  which  it  will  be  subjected  at  great  dex)ths,  thus  requiring  care  and 
increasing  the  cost  of  lining  shafts.  The  same  evil  is  to  be  anticipated 
in  greater  measure  in  working  the  coal  under  deep  cover.  Much  of  the 
coal  is  already  divided  by  the  above-mentioned  small  faults  into  bits 
a  fraction  of  a  cubic  inch  in  size.  Such  portions  of  the  beds  may 
be  expected  to  creep  in  a  troublesome  manner.  A  like  motion  may  be 
expected  in  the  overlying  and  underlying  clays.  There  will  also  be 
certain  risks  arising  from  the  spontaneous  combustion  of  the  coals,  and 
from 'mine  explosions,  such  as  have  occurred  in  the  i)ast  history  of  the 
pits  in  this  district. 

All  the  above-noted  difficulties  can  probably  be  met  by  a  proper 
system  of  mining.  All  sinkings  and  drivings  on  such  ground  need  to 
be  swiftly  done.  The  coal  faces  should  be  worked  back  as  rapidly  as 
possible,  and  thorough  ventilation  provided  for  the  openings.  The 
pltin  of  allowing  the  loof  to  descend  upon  the  lioor  as  soon  as  possible, 
thus  avoiding  the  retention  of  large  spaces  for  the  storage  of  gas  and 
^dust,  should  be  considered.  In  mines  operated  with  such  precautions, 
there  appears  to  be  no  evident  reason  why  the  coals  of  this  basin  may 
not  be  won  at  depths  as  great  as  they  are  likely  to  be  found.  The  cost 
of  the  mining  and  the  relative  advantage  of  the  fuel,  as  comi)ared  with 
that  of  other  districts,  needs  be  the  matter  of  a  special  reckoning.  All 
that  can  be  said  on  those  i)<)ints  in  this  report  is  that  hitherto  there 
has  been  no  well  devised  mining  work  on  a  large  s(;aledone  in  the  field. 
Tlie  coal  has  been  often  marketed  without  due  attention  to  its  condi- 
tion, or  to  i)rocesses  of  bettering  its  (piality,  so  that  the  commercial 
results  thus  fai*  attained  afVoid  no  fair  measure  of  the  i)ossil)le  value  of 
the  fuel  resources  of  this  Held. 
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REPORT  OlS^  SOME  FOSSir.  WOOD  FROM  THE  RICHMOND 

BASIN,  VIRGINIA. 


By  F.  H.  Knowlton. 


Mr.  J.  B.  Woodworth  recently  submitted  to  me  for  examination  a 
small  collection  of  fossil  wood  made  by  himself  during  the  season  of 
1896  from  the  Richmond  coal  lield,  in  Chesterfield  County,  Virginia. 
The  material  consists  of  three  small  pieces  of  silicified  wood  and  a 
number  of  fragments  of  lignite.  The  silicified  specimens  are  evidently 
small  fragments  broken  from  large  trunks,  and  on  this  point  Mr. 
Woodworth  writes  as  follows:  "These  are  examples  of  prostrate  trees 
20  feet  and  over  in  length,  and  upward  of  4  feet  in  diameter  at  the  base. 
They  sometimes  appear  in  the  roads,  with  both  extremities  concealed 
in  the  banks." 

Following  are  the  exact  localities  for  the  three  specimens : 

IN^ear  Skinquarter  Station,  Chesterfield  County,  Virginia;  from  the 
upper  sandstone  measures  of  the  Richmond  Basin  [1535]. 

Near  Otterdale,  Chesterfield  County,  Virginia;  in  the  upper  sand- 
stone measures  of  the  Richmond  Basin  [1537 1. 

South  of  Mosley  Junction,  in  Chesterfield  County,  Virginia;  on  the 
western  border  of  the  Richmond  Basin,  near  the  base  of  the  Trias 
[1536]. 

An  examination  of  thin  sections  cut  from  these  specimens  x>roves 
them  all  to  be  coniferous.  The  one  from  the  first  of  the  above-mentioned 
localities  proves  to  have  been  so  metamorphosed  by  the  process  of  sili- 
cification  that  it  is  impossible  to  make  out  the  intimate  structure.  The 
wood  cells  were  evidently  large,  but  it  is  impossible  to  determine  the 
character  of  the  bordered  pits  or  markings.  The  other  specimens  are 
much  better  preserved,  and  represent  two  species,  as  follows : 

.   .      .  Araucarioxyi.on  yirginiaxum  Kn. 

PI.  LII,  figs.  7-10. 

Araucarioxylon  virginianum  Kn. :  Bull.  U.  S.  Geol.    Survey,  No.  56,  p.  50,  PI.  VII, 
figs.  2-5,  1889. 

When  this  species  was  described  it  was  supposed  to  have  come  from 
a  locality  within  the  Potomac  formation,  at  Taylorsville,  Virginia,  but 
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Fig3.  1  6.  Araucarioxylon  Woodworlhi  n.  sp 
Fig.  1,  Radial  section  showing  bordered  pits  310. 
F'g.  2   Transverse  section.     /  90. 

Fig,  3   Tangential  section  showing  nnedullary  rays     /  90 

Fig  4.  Radial  section  showing  bordered  pits  and  medul- 
lary rays  90. 

Fig.  5   Tangential  section  of  smgle  meduila'y  ray      '  3  '0. 

Fig.  6.  Radial  section  showing  bordered  pits  m  two  '■ows, 
•omewhat  connpressed.    X  310. 


Figs.  7-10.  Araucarioxylon  ViigimaMurr.  Kn 
Fig.    7.  Radial  section  showing  hexagonal  bordered  pits. 
■  310. 

Fig.  8  Tangential  section  of  single  nnedullary  ray.  X 
310. 

Fig  9  Tangential  section  showing  wood  cells  and  ends 
of  medullary  rays      ■  90. 

Fig.  10.  Radial  section  showing  bordered  pits  and  medul- 
lary rays     X  90. 
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subsequent  investigation  '  lias  shown  that  it  was  undoubtedly  from  the 
Trias  or  ''Older  Mesozoie."  The  error  regarding  its  horizon  arose  from 
the  fact  that  this  is  almost  the  only  known  locality  at  which  the  older 
Potomac  rests  directly  upon  the  Trias,  and  up  to  that  time  fossil  wood 
was  known  to  be  abundant  in  the  Potomac,  but  had  not  been  reported 
from  the  Trias.  A  reexamination  of  the  locality  was  made  by  Ward, 
McGee,  and  Fontaine,  with  the  result  of  fixing  the  horizon.  Of  this 
later  examination  Professor  Ward  writes '  as  follows: 

A  subsequent  investigation  of  this  locality  by  Mr,  McGee,  Professor  Fontaine,  and 
myself  Las  jiroved  that  the  fossil  forest  bed  from  which  this  specimen  was  taken 
really  belongs  to  the  Older  Mesozoic  or  Upper  Trias.  This  is  one  of  the  few  regions 
in  which  the  Trias  and  the  Potomac  formation  are  in  contact,  and  without  such  a 
careful  investigation  as  we  made  on  that  occasion  it  might  be  easy  to  confound  these 
deposits,  as  the  locality  for  the  fossil  wood  lies  close  to  the  line  of  contact. 

The  specimen  that  I  now  refer  to  this  species  is  from  south  of  Mosley 
Junction,  and  according  to  Mr.  Woodwortli  is  from  near  the  base  of  the 
Trias.  It  will  be  seen  on  comparing  the  figures  in  this  report  with  those 
of  the  original  publication  that  they  agree  in  all  essential  i^articulars. 
The  important  characters  of  the  medullary  rays  and  the  wood  cells  and 
their  one  or  two  series  of  more  or  less  hexagonal  pits  are  indistinguish- 
able, the  only  difference  being  in  the  size  and  relative  number  of  super- 
iuiposed  cells  in  the  medullary  rays.  This  difference,  however,  is  not 
marked,  and  the  two  si)ecimens  are  regarded  as  belonging  to  the  same 
species. 

The  finding  of  this  species  in  another  part  of  the  Richmond  basin  is 
of  interest,  and  shows  that  the  study  of  internal  structure  may  be  relied 
upon  to  furnish  recognizable  sti:atigraphic  marks. 

Araucakioxylon  woodworthi  n.  sp. 
PI.  LII,  figs.  1-6. 

Diagnosis. — Annual  ring  very  obscure,  not  visible  to  the  naked  eye; 
wood  cells  broad,  long,  sharp-pointed,  moderately  thick-walled,  provided 
with  1  to  .'5  (usually  -J)rows  of  contiguous,  faintly  hexagonal  bordered 
pits;  medullary  ra^  s  moderately  numerous,  short-celled,  and  in  a  single 
super-imposed  series  of  1  to  12,  usually  3  to  4,  cells;  resin  ducts,  none. 

Transrerse  sertiou. — The  annual  ring  is  not  visible  to  the  naked  eye, 
but  on  examination  under  the  microscope  it  is  found  to  be  present  and 
to  consist  of  only  two  or  three  slightly  smaller  and  thicker  walled  cells. 
The  wood  cells  are  only  moderately  thick-walled  and  are  (juite  uniform 
in  size. 

Radial  section. — This  section  shows  to  the  best  advantage  the  char- 
acter of  the  wood.  The  wood  cells  are  shown  to  be  long,  shnrp  pointed, 
and  to  be  provided  with,  usually,  two  rows  of  bordered  pits,  altliough 
cells  are  common  on  which  there  is  but  a  single  series.    Cells  on  w  Inch 


'  Ward,  Am.  Jour.  Sci.,  3d  series,  Vol.  XL,  1890,  p.  257. 
2  Sixtfciith  Ann.  Kept.  U.  S.  Gcol.  Survey,  1890,  p.  499. 
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there  are  three  rows  of  pits  are  much  rarer.  When  in  a  single  row  the 
pits  are  contiguous  and  but  slightly  modified  in  shai)e  by  pressure, 
as  may  be  seen  in  PI.  Lll,  fig.  1.  When  the  pits  are  in  two  rows  they 
usually  occupy  the  center  of  the  cells  and  are  contiguous  and  slightly 
hexagonal,  as  in  fig.  7 ;  but  occasionally,  as  shown  in  fig.  6,  the  two 
rows  may  be  slightly  separated  and  then  may  have  the  characters 
of  the  single  rows.  When  there  are  three  rows  of  pits  they  are  close 
together  and  markedly  hexagonal.  The  average  diameter  of  the  i^its 
is  about  0.015  mm.  and  that  of  the  inner  pore  about  0.003  or  0.004  mm. 

The  medullary  rays,  as  seen  in  this  section,  are  short-celled,  each  cell 
being  about  as  long  as  the  width  of  2J  of  the  wood  cells.  They  are 
without  markings  or  pits  of  any  kind,  so  far  as  can  be  made  out. 

Tangential  section. — Owing  to  pressure  in  this  direction  the  section  is 
somewhat  distorted  and  does  not  show  clearly  the  relative  abundance 
of  the  rays.  The  number  of  cells  entering  into  the  composition  of  the 
rays,  however,  shows  satisfactorily.  It  is  found  that  they  are  in  a 
single  vertical  series  of  from  1  to  12  cells,  the  usual  number  being  3  or 
4.  The  two  figures  given  (PI.  LII,  figs.  5,  8)  show  very  well  the  char- 
acter of  the  rays  and  their  arrangement. 

The  hexagonal  form  of  the  bordered  X)its  settles  at  once  its  generic 
affinities,  and  it  is  consequently  referred  to  the  genus  Araucarioxylon. 
It  differs  at  once  from  A.  virginianum  in  the  character  of  the  bordered 
pits  and  the  short-celled  medullary  rays. 

This  species  is  very  closely  allied  to,  if  not  indeed  identical  with, 
Araucarioxylon  arizonicum  Kn.,  first  described  ^  from  the  Triassic  or 
Lower  Jurassic  of  ^^ew  Mexico  and  Arizona,  and  since  detected  in  the 
Triassic  of  North  Carolina.  -  It  differs  from  the  New  Mexican  specimens 
in  the  absence  of  bordered  pits  on  the  tangential  walls  of  the  wood  cells, 
and  from  both  the  New  Mexican  and  North  Carolina  specimens  in  hav- 
ing two,  or  rarely  three,  rows  of  bordered  pits  on  the  radial  walls.  The 
short  cells  of  the  medullary  rays  are  the  same  in  all  these  specimens, 
and  it  is  possible  that  the  increase  in  the  number  of  rows  of  bordered 
pits  may  be  only  an  individual  variation,  or  possibly  due  to  the  tree 
from  which  they  came  being  larger  or  more  mature.  With  a  larger 
series  of  specimens  from  the  Eichmond  basin  for  comparison,  it  is  i)os- 
sible  that  some  variation  would  be  found  in  this  respect,  but  until  this 
can  be  obtained  it  seems  better  to  describe  the  specimens  as  new  to 
science.  I  have  given  it  a  name  in  honor  of  Mr.  J.  B.  Woodworth,  the 
collector. 

The  bearing  of  these  species  of  plants  on  the  question  of  the  age  of 
the  deposits  in  which  they  occur  is  of  importance.  The  Araucarian  type 
of  structure  in  conifers  was  of  very  early  introduction,  originating  in 
the  Devonian,  and  attaining,  perhaps,  its  maximum  development  in  the 
Upper  Carboniferous  and  Permian.    Wood  showing  this  Araucarian 


'  Proc.  TJ.  S.  Nat.  Mus.,  Vol.  XI,  1888,  p.  3,  PI.  I. 

2  The  ]S"ewark  system,  by  I.  C.  Eussell:  Bull.  U.  S.  Geol.  Survey  No.  85,  1892,  p.  29. 
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type,  from  the  Devouiau  to  and  incliidiDg  the  Permian,  is  known  under 
the  names  of  Cordaites  and  Dadoxylon.  The  former  is  characterized 
by  the  possession  of  an  Artisia  pith  and  numerous  hexagonal  pits,  in 
which  the  inner  pore  is  elliptical  instead  of  circular.  In  the  genus 
Dadoxylon  are  included  certain  of  these  Paleozoic  woods,  of  which  the 
complete  history,  for  some  cause  or  other,  can  not  be  fully  made  out. 
It  is  therefore  in  the  nature  of  a  provisional  grouping,  and,  should  more 
perfect  material  be  obtained,  it  is  likely  that  most,  if  not  all,  of  its  spe- 
cies will  ultimatel}^  be  relegated  to  Cordaites.  The  more  modern  struc- 
ture, which  approaches  closely  to  that  of  the  living  Araucaria,  appears 
to  have  been  inaugurated  with  the  beginning  of  the  Mesozoic.  To  this 
the  name  Araucarioxylon  is  now  restricted.  It  embraces  about  twenty 
species,  most  of  which  are  found  in  the  Juratrias,  with  three  or  four  in 
the  Cretaceous  and  one  or  tw^o  in  the  Tertiary. 

Of  the  two  species  mentioned  in  this  report,  A.  virginianitm  is  now 
reported  for  the  second  time,  having  been  described  as  from  the  Lower 
Potomac,  but  now  known  to  be  from  the  Trias.  The  species  described 
as  new  is  very  closely  allied  to  a  well  marked  Triassic  species  (A.  arizoni- 
cum),  and,  as  already  x)ointed  out,  may  be  identical.  The  evidence, 
therefore,  would  indicate  the  Triassic  age  of  the  Kichmond  beds,  from 
which  they  came. 
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THE  CRETACEOUS  FORMATION  OF  THE  BLACK  HILLS 
AS  INDICATED  BY  THE  FOSSIL  PLANTS. 


By  Lester  F.  Ward. 


GEKERAI^  REMARK. 

The  Black  Hills  are  ah  object  lesson  in  geology.  An  isolated  spur 
or  outlier  of  the  Rocky  Mountains,  but  separated  from  the  main  range 
by  valleys  and  plains  of  considerable  width,  they  seem  to  stand  alone 
as  a  landmark  of  the  Great  Plains,  presenting  from  a  distance  a  dark 
and  frowning  aspect,  which  has  given  them  their  name.  Their  elliptical 
form,  the  granitic  nucleus  of  the  centra^l  portion,  and  the  series  of  suc- 
cessively higher  formations  that  concentrically  surround  this  nucleus, 
imbricated  over  one  another  and  stretching  away  in  all  directions  with 
diminishing  dij),  have  been  too  often  described  to  require  rodescription 
here. 

The  history  of  the  discovery  of  the  Black  Hills  has  also  often  been 
written  and  need  not  be  repeated,  and  we  are  therefore  in  condition  to 
proceed  directly  to  the  consideration  of  the  specific  problems  in  hand, 
and  may  confine  our  attention  almost  exclusively  to  the  one  formation 
named  in  the  title  of  this  paper,  viz,  the  Cretaceous.  Indeed,  the  limi- 
tations of  our  subject  enable  us  to  leave  out  of  account  that  part  of 
the  Cretaceous  formation  itself  which  has  received  the  largest  amount 
of  attention  from  other  writers,  viz,  the  marine  shell-bearing  deposits 
which  occupy  its  upper  portion.  The^se,  not  having  thus  far  yielded  any 
fossil  idants,  will  be  treated  in  this  paper  only  in  relation  to  the  lower 
beds,  and  we  are  restricted  to  those  deposits  which  lie  between  the  Fort 
Benton  shales  above  and  the  marine  shell-bearing  Jurassic  formation 
below. 

I.  HISTORY  OF  Ol'Il  KXOWI^EDC;?:  OF  THE  CRETACEOUS  OF 

TUFj  BTjACK  III  LLS. 

The  great  exi)l()ring  expeditions  of  Lewis  and  (Jlarlv,  1804-1<S0();  of 
Maximilian,  Prince  of  Neuwied,  183-J;  of  Nicollet,  1830;  and  of  Audu- 
bon, 1843,  whi(th  so  enriched  our  knowledge  of  the  Great  Northwest, 
all  followed  the  valley  of  the  Missouri  River  so  closely  as  not  to  ])ene- 
trate  the  Black  Hills,  and  only  vague  mentions  are  to  be  found  in  the 
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reports  of  these  expeditions  of  a  dark  object  looming  up  in  the  distance. 
But  it  was  otherwise  with  the  important  expedition  with  which  the 
name  of  John  Jacob  Astor  is  so  intimately  connected  and  which  has 
been  made  famous  by  the  eloquent  pen  of  Washington  Irving.^  This 
expedition  was  made  in  1811,  under  the  immediate  direction  of  Mr. 
Wilson  P.  Hunt.  Its  object  was  entirely  mercantile  and  not  at  all 
scientific,  yet  many  of  the  facts  that  were  recorded  in  Mr.  Hunt's 
notebook  and  by  other  members  of  the  party  and  worked  into  the  nar- 
rative twenty -five  years  afterwards,  have  a  true  scientific  value — even 
to  some  extent  a  geological  value.  It  is  at  least  true  that  the  exploring 
party  left  the  Missouri  Eiver  at  the  mouth  of  the  Cheyenne,  followed 
that  river  up  some  distance,  crossed  over  to  the  valley  of  the  Little 
Missouri,  and  from  there  skirted  the  northern  limits  of  the  Black  Hills 
proper,  and  passed  on  to  the  Big  Horn  region.  The  greater  part  of  the 
narative  is  taken  up  with  descriptions  of  the  mountains,  the  native 
Indians,  and  the  wild  animals  that  were  met  with.  But  soon  after 
leaving  the  Missouri  Eiver  the  party  encountered  a  fossil  forest,  which 
is  described  in  the  following  terms : 

These  plains,  however,  had  not  always  been  equally  destitute  of  wood,  as  was  evi- 
dent from  the  trunks  of  trees  which  the  travellers  repeatedly  met  with,  some  still 
standing,  others  lying  about  in  broken  fragments,  but  all  in  a  fossil  state,  having 
flourished  in  times  long  past.  In  these  singular  remains  the  original  grain  of  the 
wood  was  still  so  distinct  that  they  could  be  ascertained  to  be  the  ruins  of  oak  trees. 
Several  pieces  of  the  fossil  wood  were  selected  by  the  men  to  serve  as  whetstones. ^ 

There  is  no  probability  that  these  fossil  trunks  belonged  to  the  Cre- 
taceous formation,  certainly  not  to  the  Lower  Cretaceous,  and  they  were 
probably  the  same  as  those  now  known  to  exist  in  the  valley  of  the 
Little  Missouri,  especially  in  the  vicinity  of  Gladstone,  which  are  usually 
referred  to  the  Fort  Union  group. 

The  approach  of  the  party  to  the  Black  Hills  is  graphically  described? 
but  there  is  so  much  that  is  fanciful  in  the  description  that  the  scientific 
man  must  depend  upon  his  own  judgment  as  to  what  the  facts  were 
upon  which  these  high-sounding  accounts  were  based.  To  those  who 
are  acquainted  with  that  country  now  it  is  not  difficult  to  do  this,  and 
therefore  the  following  description,  perhaps  the  first  that  was  ever  made 
of  the  Black  Hills,  still  possesses  a  scientific  interest  independent  of 
the  classic  language  in  which  it  is  couched : 

The  Black  Hills  are  chiefly  composed  of  sandstone,  and  in  many  places  are  broken 
into  savage  clifts  and  precipices,  and  present  the  most  singular  and  fantastic  forms; 
sometimes  resembling  towns  and  castellated  fortresses.  The  ignorant  inhabitants  of 
plains  are  prone  to  clothe  the  mountains  that  bound  their  horizon  with  fanciful  and 
superstitious  attributes.  Thus  the  wandering  tribes  of  the  prairies,  who  often  behold 
clouds  gathering  round  the  summits  of  these  hills,  and  lightning  flashing,  and  thun- 
der pealing  from  them,  when  all  the  neighboring  plains  are  serene  and  sunny,  con- 
sider them  the  abode  of  the  genii  or  thunder  spirits,  who  fabricate  storms  and 

^  Astoria,  or  Anecodotes  of  an  Enterprise  beyond  the  Eocky  Mountains,  by  Washington  Irving,  in 
two  volumes,  Philadelphia,  1836. 
2Loc.  cit.,  Vol.I.,p.246. 
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tempests.  On  entering  their  defiles,  therefore,  they  often  hang  offerings  on  the  trees 
or  place  them  on  the  rocks,  to  propitiate  the  invisible  ^Hords  of  the  mountains,"  and 
procure  good  weather  and  successful  hunting;  and  they  attach  unusual  significance 
to  the  echoes  which  haunt  the  precipices.  This  superstition  may  also  have  arisen, 
in  part,  from  a  natural  phenomenon  of  a  singular  nature.  In  the  most  calm  and 
serene  weather,  and  at  all  times  of  the  day  or  night,  successive  reports  are  now  and 
then  heard  among  those  mountains  resembling  the  discharge  of  several  pieces  of 
artillery.  Similar  reports  were  heard  by  Messrs.  Lewis  and  Clarke  in  the  Rocky 
Mountains,  which  they  say  were  attributed  by  the  Indians  to  the  bursting  of  the 
rich  mines  of  silver  contained  in  the  bosom  of  the  mountains.^ 

There  is  probably  considerable  literature  relating  to  tlie  Black  Hills 
which  antedates  the  middle  of  the  present  century^  resulting  from  vari- 
ons  hunting'  and  trapping  expeditions  and  to  some  extent  from  early 
attempts  at  settlement  of  the  country  around  their  base;  also  from 
occasional  gold  hunting  and  prospecting  parties  that  penetrated  some 
distance  into  the  interior.  But  such  literature,  if  it  exists,  must  be 
contained  in  the  popular  journals  and  newspapers  and  could  scarcely 
be  found  by  the  most  systematic  search.  The  only  mention  that  I  have 
met  with  belonging  to  this  class  is  one  which  very  intimately  concerns 
the  subject  of  this  paper,  and  is,  upon  the  whole,  somewhat  remark- 
able. It  is  contained  in  the  prose  writings  of  Edgar  Allen  Poe,  and 
occurs  in  The  Thousand-and- Second  Tale  of  Scheherazade.  The  poet, 
as  all  know,  was  in  the  habit  of  supporting  much  of  his  imagery 
by  means  of  footnotes,  purporting  to  be  drawn  from  facts,  and  often 
embodying  true  scientific  information.  In  this  characteristic  produc- 
tion occurs  the  following  paragraph : 

Leaving  this  island,  we  came  to  another  where  the  forests  were  of  solid  stone,  and 
80  hard  that  they  shivered  to  pieces  the  finest-tempered  axes  with  which  we  endeav- 
ored to  cut  them  down. 

To  this  statement  he  appends  a  somewhat  elaborate  footnote,  describ- 
ing three  fossil  forests.  One  of  these  is  in  Texas,  and  the  description 
is  credited  to  Kennedy;  another  is  the  celebrated  fossil  forest  near 
Cairo,  in  Egypt,  of  whi(di  he  takes  a  rather  extended  account  from  the 
Asiatic  ^Magazine.  Following  the  first  of  these  accounts  by  Kennedy 
and  preceding  the  longer  one  relative  to  the  Egyptian  forest,  he  inter- 
polates the  following  brief  but  highly  significant  paragraph: 

This  account,  at  first  discredited,  has  since  been  corroliorated  l)y  the  discovery 
of  a  comi)let<'ly  petrified  forest  near  the  head  waters  of  the  Chayennc,  or  Chienne 
River,  which  has  its  source  in  the  Black  Hills  of  tlie  Rocky  chain. ^ 

It  may  never  be  known  when,  where,  or  how  Poe  came  into  possession 
of  the  data  for  this  statement,  but  it  seems  altogether  certain  that  the 
fossil  forest  referred  to  is  none  other  than  the  one  that  I  visited  in  1803, 
in  company  with  Professor  and  Mrs.  .leiiney,  and  from  which  the  speci- 
mens of  wood  were  collected  which  arc  fiirthci'  mentioned  in  this  ])aper 
(infra,  jip.  552,  042). 

•Loc.cit.,  Vol.  I.,p.  253. 

*Tln'  Work.s  of  tlic  hitit  Edfjar  Allan  Vor.,  with  Nr)tifM-.s  of  Uis  LilV  ainl  <  H  iiiiis.liy  N.  1'.  Willis,.!.  li. 
Lowell,  and  R.  W.  Gri.swold ;  in  two  volinn«?.'i;  X'ol.  I,  Talf.s,  New  \'ork,  ]«.'>(),  p.  lij'.). 
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Our  knowledge  of  the  Black  Hills,  in  so  far  as  it  is  based  on  scientific 
reports,  all  bears  a  later  date  than  any  hitherto  quoted.  The  imi)ortant 
expedition  of  Lieutenant  Warren,  made  in  the  year  1855,  did  not  reach 
the  Hills  i)roper,  for,  as  he  says,  ^'The  routes  traversed  led  over  the 
Great  Plains  between  the  Missouri,  the  Platte,  and  the  Shyenne,  and 
nowhere  entered  the  mountains.'^  But  the  party  was  in  full  view  of  the 
Black  Hills,  and  Lieutenant  Warren  makes  the  following  remark  with 
regard  to  them :  "  The  Black  Hills  of  ^^^ebraska  are  believed  to  be  com- 
posed of  primitive  rock,  and  are  the  eastern  portion  of  the  great 
mountain  belt."  Dr.  Hayden  accompanied  this  ex]3edition,  and  his 
report  follows  that  of  Lieutenant  Warren.^  A  map  accompanies  the 
report,  showing  much  more  fully  than  had  any  earlier  map  the  numer- 
ous streams  that  have  their  prigin  in  the  Black  Hills.  Many  fossils 
were  collected  on  this  expedition,  some  of  them  Cretaceous,  which  were 
fully  described  by  Hall  and  Meek.'^ 

This  was  the  first  of  a  series  of  similiar  expeditions  conducted  by 
the  United  States  Army,  each  of  which  made  new  inroads  iuto  the 
unexplored  country.  The  report  of  the  Secretary  of  War  in  1858  con- 
tains Lieutenant  Warren's  later  results,  including  exx)editions  m  1856 
and  1857.^  In  these  reports  Lieutenant  Warren  gives  a  historical 
account  of  the  whole  country  explored.  The  Black  Hills  were  i^ene- 
trated  from  the  south  as  far  as  Inyankara,  where  the  expedition  was 
obliged  to  return  on  account  of  hostile  Indians  and  insufficient  force. 
Besides  giving  a  tolerably  clear  description  of  the  geographical  posi- 
tion of  the  Black  Hills,  Lieutenant  Warren  makes  a  number  of  allusions 
to  the  geology,  in  which  the  Cretaceous  formation  is  recognized. 

Dr.  Hayden  accompanied  each  of  the  expeditions,  and  his  report 
(pp.  676-747)  constitutes  the  first  really  scientific  contribution  to  the 
geology  and  natural  history  of  the  Black  Hills.  The  section  of  the 
Cretaceous,  however,  given  on  page  681,  does  not  come  from  the  Black 
Hills,  but  from  points  near  the  Missouri  Eiver.  Nevertheless,  in  view 
of  its  early  date,  it  may  be  worth  while  to  quote  so  much  of  it  as  refers 
to  formation  No.  1,  afterwards  known  as  the  Dakota  group: 

Yellowish  and  reddish  friable  sandstone,  with  alternations  of  dark  and  whitish 
clays.  Seams  and  beds  of  impure  lignite,  fossil  wood,  impressions  of  dicotyledonous 
leaves;  Solen,  Pe.ctunculus,  Cyprina,  etc..  Lower  Cretaceous. 

The  reference  to  fossil  wood  and  lignite  is  significant,  as  is  also  the 
expression ''Lower  Cretaceous." 

Fossil  plants  were  collected  from  this  horizon  and  referred  tc  Dr. 
Newberry,  who  did  not,  however,  determine  them  specifically,  but 
referred  them  to  thirteen  genera,  several  of  which  are  extinct.  Two 

^  Explorations  in  tlie  Dacota  Country  in  the  Year  1855,  by  Lieut.  G-.  K.  Warren ;  Washington,  1856. 
Senate  Ex.  Doc.  No.  76,  Thirty-fourth  Congress,  first  session. 
2Mem.  Am.  Acad.  Arts  and  Sci.,  new  series,  Vol.  V,  ]853,  pp.  379fF. 

3 Message  from  the  President  of  the  United  States  to  the  two  Houses  of  Congress  at  the  Commence- 
ment of  the  Second  Session  of  the  Thirty-fifth  Congress;  Vol.  II;  Washington,  1858.  House  of 
Eepresentatives,  Ex.  Doc.  No.  2,  pp.  620fl;  671  fi". 
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of  these  genera,  Crediieria  aud  Ettiugsbauseuia,  are  characteristic  of 
the  Cenomaiiiau  of  Europe,  and  from  these  and  other  facts  Dr.  i^ew- 
berry  argues  that  the  beds  can  not  be  Triassic,  but  must  be  Cretaceous 
(see  pp.  683-684). 

These  several  reports  were  republished  verbatim  in  1875.' 

By  permission  of  the  Secretary  of  War  Dr.  llayden  published  cer- 
tain of  these  results  in  the  Proceedings  of  the  Academy  of  Natural 
Sciences  of  Philadelphia  for  1857,'^  and  with  the  assistance  of  Mr.  F.  B. 
Meek,  who  determined  the  molluscan  remains,  he  considerably  extended 
these  observations  in  a  paper  immediately  following  the  last."^ 

In  the  first  of  these  papers,  speaking  of  formation  No.  1,  as  seen  near 
the  mouth  of  the  Judith  Eiver,  Dr.  Hayden  says: 

Although  the  formation  of  which  I  am  about  to  speak  has  already  revealed  mauy 
important  facts,  the  organic  contents  of  its  strata  differ  so  materially  from  those  of 
any  other  with  which  I  am  accj^uainted  in  the  Northwest,  that  we  arc  unable  to  hx 
with  certainty  its  position  in  the  geological  scale  (p.  116). 

The  second  paper  contains  considerable  introductory  matter  of  a 
geological  character,  with  sections  of  the  various  strata  in  which  the 
fossils  were  found.  On  page  128  is  given  a  vertical  section  of  the  entire 
region,  from  the  Carboniferous  to  the  Miocene.  The  description  of  Cre- 
taceous No.  1  is  identical  with  the  one  already  quoted,  except  that  in 
place  of  the  words  ''Lower  Cretaceous"  the  following  is  substituted: 
''  This  bed  is  not  positively  known  to  belong  to  the  Cretaceous  system." 

On  page  125  the  authors  make  the  following  important  statement 
relative  to  their  formation  No.  1  • 

The  deposits  above  alluded  to  Cat  the  mouth  of  Judith  River)  as  probabl}'  on  a  par- 
allel with  beds  seen  near  the  mouth  of  Big  Sioux  River  on  the  Missouri — forming 
No.  1  of  the  Nebraska  section— are  characterized,  as  stated  in  one  of  our  former 
papers,  by  a  group  of  fossils  remarkably  distinct  from  those  occurring  in  any  of  the 
higher  Northwestern  formations,  and  there  remains  some  doubt  as  to  whether  or  not 
they  are  older  than  Cretaceous.  The  presence  of  the  genus  JiacuJitrs  would  seem  to 
establish  the  fact  that  they  belong  to  the  Cretaceous  epoch;  while  the  occurrence  in 
the  same  hand  specimens  with  these  remains  of  Baculites,  of  a  species  of  Heitaiujia — 
a  genus  of  bivalves,  not  known  to  occur  in  the  Old  World  in  newer  formations  than 
the  Lias — would,  on  the  other  hand,  indicate  that  these  beds  are  older  than  Creta- 
ceous. For  the  jiresent,  however,  we  express  no  decided  opinion  on  this  i)()int,  but 
content  ourselves  with  the  renuirk  that  we  are  inclined  to  think  that  they  hold  a 
position  uf.'ar  the  base  of  the  ('reta(;eous  system  and  are  ])robably  on  a  parallel  with 
the  Neocomiau  of  the  Old  World,  though  they  may  be  older. 

'  Engineer  Department,  U.  S.  Army.  Preliminary  Report  of  Explorations  in  Nebraska  and  I);ikuta, 
in  the  Ycai  s  1855-'56-'57,  hy  Lieut.  G.  K.  Warren.    Ileprint.    Wasbiiigton,  1875,  pp.  l-JH'),  1 

'Explorations  undtT  the  War  Department;  notes  exj)lanatory  of  a  map  and  section  illustratinj; 
the  geological  structure  of  the  country  bordering  on  tlie  Missouri  Kivt  r,  from  tbo  mouth  of  tlui 
Platte  liivcr  to  Kort  I'.enton,  iu  lat.  47^  'M'  X.,  long.  110^  :iO'  W.,  by  ¥.  V.  Hayden:  I'roc.  Aca<l.  Nat. 
Sci.,  Phil.,  V<d.  IX,  1807,  Philadelphia,  1858,  pp.  10')-116. 

'De.scriptions  of  New  Species  and  Genera  of  Fossils,  collected  by  Dr.  F.  V.  Iliiydcu  in  Nebraska 
Territorj-,  under  tlu;  direction  of  Lieut,  it.  K.  Warren,  U.  S.  to|)«)grapiii(  :il  cn^iineer;  with  some 
remarks  on  the  Tertiary  antl  Cretaceous  formations  of  the  Nortliwesf,  ami  tin-  parallelism  of  1  lie  latter 
with  those  of  other  jiortions  u\'  the  United  States  ami  Territories,  by  F.  1>.  Meek  ;iiid  I".  V.  I'oydeu; 
loc.  eit.,  pp.  117-148. 
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Fiirtliermorej  under  the  head  of   Conclusions,"  on  page  133,  they  say: 

Although  the  weight  of  evidence  thus  far  favors  the  conclusion  that  this  lower 
series  is  of  the  age  of  the  lower  Green  Sand,  or  Neocomian  of  the  Old  World,  we  yet 
want  jyositive  evidence  that  portions  of  it  may  not  he  older  than  any  part  of  the  Cre- 
taceous system. 

In  a  subsequent  paper,  published  one  year  later,^  the  same  authors 
extend  these  considerations  to  include  their  researches  in  the  Black 
Hills,  and  this  may  be  regarded  as  the  first  scientitic  treatment  of  the 
geology  of  the  Black  Hills.  Eelative  to  their  formation  IsTo.  1,  they  say 
in  this  j)£ij)eY: 

It  will  be  remembered,  we  have  in  all  our  published  papers,  when  speaking  of  that 
portion  of  the  Nebraska  section  composing  Xo.  1,  expressed  doubts  respecting  its  age. 
We  placed  it  provisionally  as  the  basis  formation  of  the  Cretaceous  series,  but  at  the 
same  time  stated  it  was  not  positively  known  to  belong  to  the  Cretaceous  system 
(p.  44). 

They  proceed  to  reproduce  the  passage  last  quoted,  and  add : 

Although  we  have  little  direct  additional  evidence  at  this  time  in  regard  to  the 
age  of  this  series,  as  we  have  always  understood  it,  we  now  know  that  from  beneath 
its  lower  beds,  around  the  base  of  the  Black  Hills,  there  rises  a  series  of  very  similar 
strata,  as  may  be  seen  by  the  foregoing  section,  separated  from  its  base  by  no  well- 
marked  line  of  demarcation,  and  containing  many  fossils  closely  similar  to  those 
considered  characteristic  of  the  Jurassic  sj'stem  of  the  Old  World.  At  the  same 
time  we  have  failed  to  recognize  amongst  these  fossils  any  forms  peculiar  to  the 
Cretaceous  epoch,  or  even  very  nearly  analogous  to  species  common  in  rocks  of  that 
age.    .    .  . 

Inasmuch,  however,  as  numerous  leaves  beyond  a  doubt  belonging  to  dicotyledon- 
ous trees,  closely  analogous  to  the  oaks,  willows,  and  other  existing  forest  trees,  are 
known  to  occur  in  No.  1  along  the  Missouri,  near  the  Big  Sioux,  and  in  northeastern 
Kansas,  and  we  have  a  BacuUte  from  similar  beds,  apparently  of  the  same  age,  near 
the  mouth  of  Judith  River,  on  the  upper  Missouri — while  we  also  learn  from  the 
letters  and  notes  of  our  deceased  friend,  Mr.  Henry  Pratten,  that  he  saw  a  species 
of  BacuUte  in  formations  presenting  the  same  characters,  and  seeming  to  occupy  the 
same  position,  along  the  Platte  above  Fort  Laramie,  we  think  we  hazard  little  in 
viewing  at  least  a  considerable  portion  of  No.  1  as  belonging  to  the  Cretaceous 
system. 

Another  fact  favoring  the  opinion  that  No.  1,  even  down  as  low  as  we  have  pro- 
visionally carried  it  in  the  Black  Hills  section,  probably  belongs  to  the  Lower  Cre- 
taceous, is  the  occurrence  at  its  base  of  a  bed  containing  Ammonites  and  Ostrea, 
along  with  Unio,  Planorhis,  and  Paludina;  an  association  of  fossils  which,  in  that 
position,  carries  the  mind  rather  to  the  Wealden  than  to  older  formations. 

The  occurrence  of  these  forms  at  this  horizon  also  leads  us  to  suspect  that  a  con- 
siderable portion  of  the  estuary  beds  at  the  mouth  of  Judith  River,  above  Fort 
Union,  in  regard  to  the  age  of  which  we  have  been  so  much  puzzled,  may  be,  as 
first  suggested  by  Dr.  Leidy,  a  representative  of  the  Wealden,  and,  as  we  were  then 
inclined  to  suppose,  belong  to  our  No.  1.    .    .  . 

Since  we  know  that  there  is  a  similar  group  of  beds  at  the  base  of  No.  1,  as  we 

1  Descriptions  of  New  Organic  Remains  collected,  in  Nebraska  Territory  in  the  year  1857,  by  Dr.  F. 
V.  Hayden,  Geologist  to  tbe  Exploring  Expedition  under  the  command  of  Lieut.  G.  K.  Warren. 
Top.  Eng.  TJ.  S.  Army,  together  with  some  remarks  on  the  Geology  of  the  Black  Hills  and  portions 
of  the  surrounding  country,  by  E.  B.  Meek  and  F.  Y.  Hayden,  ibid.,  Yol.  X,  Philadelphia,  1859, 
pp.  41-59, 
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now  imderstand  it,  near  the  Black  Hills,  containing  a  mingling  of  fresh-water  and 
marine  fossils,  although  we  are  not  sure  any  of  them  are  specifically  identical  with 
those  found  near  the  Judith,  wo  are  inclined  to  think  our  first  views  in  regard  to 
these  Judith  River  formations  will  prove  to  be  correct,  or  in  other  words,  the  l)eds 
from  which  the  saurian  remains  described  by  Dr.  Leidy  were  obtained,  will  yet 
prove  to  be  a  part  of  the  series  we  include  in  No.  1  of  the  Black  Hills  section.  This 
view  receives  additional  support,  too,  from  the  fact  that  the  Judith  River  fresh- water 
or  estuary  formations  were  often  seen  much  upheaved  and  distorted,  while  around 
the  Black  Hills  the  Tertiary  deposits  appear  to  lie  undisturbed  upon  the  upheaved 
older  rocks,  iu  such  a  manner  as  to  indicate  that  the  last  period  of  disturbance 
among  the  strata  of  this  region  occurred  after  the  close  of  the  Cretaceous  epoch, 
but  previous  to  the  deposition  of  the  Tertiary  (pp.  45,  46). 

From  all  this  it  is  perfectly  clear  that  both  Meek  and  Hayden  origi- 
nally regarded  the  Dakota  group  as  true  Lower  Cretaceous,  i.  e.,  as 
lying  below  the  CeDomaniau  of  Europe.  Their  argument  seems  to 
have  been  in  the  main  in  the  direction  of  proving  that  it  could  not  be 
lower  than  Cretaceous,  i.  e.,  that  it  could  tiot  be  Jurassic  or  Triassic. 
It  is  true  that  the  fossil  plants,  as  already  indicated  by  Newberry, 
pointed  to  a  Middle  Cretaceous  age,  and  not  long  afterwards  quite 
large  collections  of  plants  were  made  and  studied  by  Heer  and  others, 
who  were  disposed  to  place  the  beds  still  higher. 

But  it  is  also  true  that  the  determinations  of  Meek,  Uayden,  and 
Leidy,  based  entirely  on  the  scanty  animal  remains,  and  pointing  to  the 
Lower  Cretaceous,  Xeocomian,  or  Wealden,  related  to  beds  in  which 
there  were  very  few  if  any  vegetable  remains,  and  which  lay  below  the 
plant-bearing  horizon.  The  plant  beds  consist  of  dark  brown,  highly 
ferruginous  sandstone,  often  becoming  clay  ironstone,  and  these  still 
constitute  the  typical  Dakota  sandstone.  jS'ow  tlie  lower  beds  holding 
the  animal  remains  do  not  conform  to  this  description,  but  are  rather 
light  colored,  coarse  sandstones  with  only  occasional  yellow  ferruginous 
bands.  They  have  a  considerable  thickness,  and  there  is  no  antecedent 
improbability  in  their  belonging  to  a  lower  horizon. 

The  next  important  paper  was  published  four  years  later  by  Dr. 
Hayden,^  but  was  read  July  19,  18G1,  and  is  little  more  than  a  re- 
elaboration  of  the  subjects  treated  in  the  papers  already  (j noted 
from.  In  this  paper  Dr.  Hayden  continues  to  refer  to  No.  1  as  Lower 
Cretaceous. 

Dr.  Hayden  accompanied,  as  geologist,  the  expedition  in  charge  of 
Col.  William  F.  Kaynolds  to  explore  the  head  waters  of  the  Yellowstone 
and  ^Missouri  liveis,  in  the  years  1859  and  ISfJO.  His  report  was  long 
delayed,  but  appeared  in  1809.'  This  exi)editi()n  did  not,  of  course,  pur- 
port toexi)lore  the  HIack  Hills,  nevertheless  they  were  entered  at  vari- 
ous points  and  are  dealt  with  more  or  less  extensively  in  this  report. 

'On  tho  Gcoloijy  and  Natural  History  of  the  Uitpcr  Missouri:  Trans.  Am.  riiil.  Soc,  Vol.  XII, 
new  Heri(;s;  IMiiladelpliiii,  ]H(y.',^  jip.  1-218,  1  map. 

'(i»;olf)^ical  Report,  of  tlio  Kxploratir)n  of  tlnr  Vtillow.stono  and  Missouri  riviirs,  l)y  Dr.  V.  V.  Hayden, 
as.si.stanf,  under  tlie  direction  of  (':i\>t.  (now  Lieut.  Col.  and  IJvt.  Urig.  Gen.)  W.  F.  Kaynolds.  T'orpa 
of  Engineers,  1859-'60;  Washint'ton,  1869. 
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One  paragrapli  relates  exclusively  to  Dakota  No.  1,  and  bas  more  than 
usual  interest  in  the  present  connection : 

In  the  vicinity  of  the  Black  Hills,  as  well  as  in  several  otlier  localities,  which  will 
be  alluded  to  hereafter  in  their  proper  places,  are  a  series  of  doubtful  beds,  between 
the  well-marked  Jurassic  and  the  Cretaceous,  These  rocks  are  quite  variable  in 
their  character,  sometimes  composed,  for  the  most  part,  of  a  loose  material,  clays  and 
grits ;  again  of  compact  concretionary  sand  or  limestones.  But  few  organic  remains 
have  as  yet  been  found  in  these  beds,  although  the  most  diligent  search  has  been 
made,  and  those  are  quite  uncharacteristic,  so  that  their  position  remains  in  doubt. 
I  have  therefore  ventured  to  call  them  beds  of  transition,  or  passage  between  the 
close  of  the  Jurassic  period  and  the  dawn  of  animal  life  in  the  Cretaceous.  The 
locality  where  the  following  section  of  these  doubtful  beds  was  taken  is  near  the 
source  of  the  Little  Missouri,  upon  the  northeastern  side  of  the  Black  Hills  (pp.  45-46). 

A  section  of  the  beds  follows  in  harmony  with  this  statement. 

Dr.  Hayden  continued  his  explorations  during  the  subsequent  years, 
and  in  1867  was  begun  the  series  of  official  reports  made  by  him  as 
Geologist  in  Charge  of  the  United  States  Geological  Survey  of  the  Ter- 
ritories. The  first  of  these  annual  reports,  which  related  to  the  Terri- 
tory then  embraced  in  Nebraska,  was  for  the  year  1SG7.  Only  a  small 
edition  of  this  report  was  published  at  the  time,  and  the  same  is  true 
of  the  two  subsequent  ones  for  18G8  and  1869;  but  in  1873  these  three 
reports  were  republished  in  a  small  volume,  and  it  is  in  this  form  that 
they  are  now  usually  quoted.^  In  the  first  of  these  reports  the  Black  Hills 
are  scarcely  treated,  but  the  general  section  is  reproduced  unchanged 
from  earlier  publications.  In  the  report  for  1868  the  Black  Hills  receive 
special  treatment;  their  geographical  position  is  carefully  indicated,  and 
their  topographic  features  described.  The  geology  is  also  dealt  with, 
and  the  following  passages  should  be  specially  noted: 

The  geological  structure  of  the  Black  Hills  may  be  mentioned  brielly  in  this  con- 
nection. The  nucleus  or  central  portion  is  composed  of  red  feldspathic  granite, 
with  a  series  of  metamorphic  slates  and  schists  superimposed,  and  thence  upon  each 
side  of  the  axis  of  elevation  the  various  fossiliferous  formations  of  this  region  follow 
in  their  order  to  the  summits  of  the  Cretaceous,  the  whole  inclining  against  the 
granitoid  rocks  at  a  greater  or  less  angle.  There  seems  to  be  no  unconformability 
in  these  fossiliferous  rocks  from  the  Potsdam  inclusive  to  the  top  of  the  Cretaceous. 

From  these  facts  we  draw  the  inference  that  prior  to  the  elevation  of  the  Black 
Hills,  which  must  have  occurred  after  the  deposition  of  the  Cretaceous  rocks,  all 
these  formations  presented  an  unbroken  continuity  over  the  whole  area  occupied  by 
these  mountains.  This  is  an  important  conclusion,  and  we  shall  hereafter  see  its 
application  to  other  ranges,  and  also  to  the  Rocky  Mountain  Range  taken  in  the 
aggregate  (pp.  69-70). 

In  the  report  for  1869  Dr.  Hayden  goes  more  fully  into  the  geological 
formation,  and  this  report  throws  great  light  on  the  position  of  the 
lowest  Cretaceous  beds: 

I  believe  that  a  thin  remnant  of  this  belt  extends  far  south  to  New  Mexico,  but  it 
is  often  so  obscured,  or  so  easily  concealed,  that  I  have  been  continually  in  doubt  in 


1  First,  Second,  and  Third  Annual  Reports  of  the  United  States  Geological  Survey  of  the  Territories 
for  the  Years  1867, 1868,  and  1869,  under  the  Department  of  the  Interior;  Washington,  1873. 
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regard  to  its  existence.  Coextensive  with  all  the  mountain  ranges  is  a  large  series 
of  beds  above  the  Jurassic  belt  which  belong  to  the  Cretaceous  period,  the  upper 
and  middle  portions  of  which  are  everywhere  indicated  by  characteristic  fossil 
remains,  as  seen  on  the  Missouri  River,  where  they  were  first  studied  by  Mr.  F.  B. 
Meek  and  the  writer.  The  Cretaceous  rocks  present  five  well-marked  divisions, 
Nos  1,2,  3, 4,  and  5,  or  Dakota  group,  Fort  Benton  group,  Niobrara  division,  Fort 
Pierre  group,  and  Fox  Hill  beds.  On  the  Lower  Missouri  No.  1,  or  Dakota  group,  is 
characterized  by  several  species  of  marine  shells  and  a  profusion  of  impressions  of 
deciduous  leaves;  but  along  the  margins  of  the  mountain  elevations  I  have  never 
been  able  to  discover  a  single  specimen  of  organic  remains  that  would  establish  the 
age  of  the  rocks.  I  only  know  that  there  is  a  series  of  beds  of  remarkable  persist- 
ency all  along  the  margin  of  the  mountain  ranges,  holding  a  position  between  well- 
delined  Cretaceous  No.  2  and  Jurassic  beds,  and  in  my  previous  reports  I  have  called 
them  transition  beds,  or  No.  1.  They  consist  of  a  series  of  layers  of  yellow  and  gray, 
more  or  less  fine-grained  sandstones  and  pudding  stones,  with  some  intercalated  lay- 
ers of  arenaceous  clays.  In  almost  all  cases  there  is  associated  with  these  beds  a 
thin  series  of  carbonaceous  clays,  which  sometimes  becomes  impure  coal,  and  con- 
tains masses  of  silicified  wood,  etc.  On  the  west  side  of  the  Black  Hills  they  assume 
a  singularly  massive  appearance,  nearly  horizontal,  200  to  250  feet  thick,  and  are 
called  Fortification  Rocks.  Here  also  occurs  a  thin  bed  of  carbonaceous  clay.  On 
the  eastern  slope  of  the  Big  Horn  Mountains  I  observed  this  same  scries  of  beds  in 
the  summer  of  1859,  holding  a  position  between  Cretaceous  No.  2  and  the  Jurassic 
marls,  wath  a  considerable  thickness  of  earthy  lignite,  large  quantities  of  petrified 
wood,  and  numerous  large  uncharacteristic  bones,  which  Dr.  Leidy  regarded  as 
belonging  to  some  huge  saurian. 

There  are  very  few  points  of  resemblance  between  these  beds  and  those  which 
form  the  Dakota  group,  as  seen  in  Kansas  and  Nebraska. 

All  the  evidence  therefore  that  I  have  had  to  guide  me  in  regard  to  these  beds 
along  the  margin  of  the  mountain  ranges  has  been  their  position  (pp.  113-114). 

Dr.  Haydeii's  reports  for  tlie  years  1870-187'3  relate  cliiefly  to  tbe 
Great  Plains  and  other  parts  of  tbe  Western  country,  and  we, find  no 
additional  matter  bearing  directly  npon  the  Black  Hills  nntil  the 
appearance  of  Captain  Ludlow's  report  of  the  military  expedition  of 
1874,  which  again  i)enetrated  this  region.  The  geologist  of  this 
expedition  was  Dr.  iS".  H.  Winchell,  and  his  report  follows  immediately 
that  of  Captain  Ludlow.' 

Professor  Winchell  gives  numerous  sections  of  the  strata  of  the  Black 
Hills  at  different  points,  but  is  very  cautious  with  regard  to  their  cor- 
relation witli  other  beds,  and  I  find  no  indication  that  he  differs  from 
the  views  expressed  by  Di*.  Hayden  with  regard  to  the  i)ositi(>n  of  the 
Cretaceous  strata,  Init  he  does  not  make  use  of  the  sections  of  Meek 
and  Hayden.  The  legend  of  the  map  does  not  contain  any  of  the  gen- 
eral geological  terms,  sncli,  for  example,  as  Cretaceous,  and  the  beds 
which  were  referred  to  the  Dakota  group  by  other  authors  arc  here 
simply  called  Dakota  sandstone."  Tliey  are  not  represented  as 
extending  entirely  ai'onnd  the  liills,  bnt  are  put  down  in  i)atches  along 
the  eastern  and  western  sides  and  at  the  southern  extremity,  with 

'  Ivoport  of  a  Keroniiaissance  of  llio  IMark  nills  of  Dakota,  madc^  in  the  Huninior  of  1874,  liy  William 
LiuUow,  Cajitaiii  of  Kiij;in(.'cr.s,  I'vf.  IJfMit.  Col.,  I'.  S.  Army,  Cliief  Kii;iiin  i  r,  I)oj)artiiit  iit  of  Dakota. 
Washington,  1875.  Geological  Jiejiort,  l)y  N.  H.  Winciioll,  Stato  (jieologiat  of  MinneHOta,  pp.  21-66, 
1  map. 
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large  intervals  of  uncolored  regions.  It  is  evident  that  Professor 
Winchell  did  not  observe  any  subdivision  of  these  beds. 

This  brings  us,  in  chronologic  sequence,  to  the  most  important  geo- 
logical survey  that  has  been  made  of  the  Black  Hills,  even  down  to 
this  date,  viz,  that  of  iTewton  and  Jenney,  in  1875,  the  geological 
part  of  which  was,  unfortunately,  not  published  until  1880.' 

The  manuscript  of  this  report  was  prepared  somewhat  promptly, 
and  Professor  Jenney's  portion,  relating  to  the  mineral  resources,  was 
published  by  Congress  in  1876,  as  Senate  Executive  Document  N^o.  51, 
of  the  first  session  of  the  Forty-fourth  Congress,  but  the  geological 
report  and  the  rest  of  the  manuscript  remained  unpublished  for  four 
years,  when  it  appeared  as  above,  having  been  revised  and  edited  by 
Mr.  G.  K.  Gilbert.  In  the  biographical  notice  of  Dr.  J.  S.  ^N^ewberry 
the  origin  of  the  expedition  is  stated  in  the  following  language: 

In  1875  the  Secretary  of  the  Interior  applied  to  Professor  Henry,  the  head  of  the 
Smithsonian  Institution,  requesting  him  to  suggest  a  geologist  to  take  charge  of  an 
exploration  of  the  Black  Hills,  Dakota,  for  the  purpose  of  ascertaining  the  extent 
and  value  of  the  gold  deposits  discovered  there.  This  request  was,  by  Professor 
Henry,  referred  to  me,  and  in  accordance  with  my  nominatious  Mr.  W.  P.  Jenney  was 
appointed  geologist  and  Mr.  H.  Newton  his  assistant.  The  purely  geological  work 
of  the  expedition  was  for  the  most  part  performed  by  Mr.  Newton,  and  the  report 
now  committed  to  you  for  publication  is  the  result. 

Professor  Kewton's  report  on  the  geology  had  long  been  completed 
and  appears  to  have  been  in  nearly  perfect  form  at  the  time  of  his  death 
in  1877.  It  forms  the  first  part  of  the  volume,  occupying  220  pages, 
and  the  report  is  accompanied  by  an  atlas  containing  three  maps.  The 
colored  geological  map  is  far  more  complete  than  any  previous  map  of 
the  Black  Hills  and  shows,  as  none  of  the  former  ones  had  done,  the 
remarkably  symmetrical  character  of  their  geological  relations.  It 
shows  first  that  there  is  a  narrow  ring  of  Potsdam  sandstone,  then  a 
wide  belt  of  Carboniferous  limestone;  next  an  encircling  trough,  aptly 
compared  by  Professor  ]S"ewton  to  a  moat,  of  red  sandy  gypsiferous 
clays,  in  which  is  included  a  purple  limestone  terrace,  all  of  which  is 
supposed  to  be  Triassic,  and  to  be  the  equivalent  of  the  Eed  Beds"  of 
more  southern  regions.  Skirting  this  is  a  very  narrow  border  of  highly 
fossiliferous  light-colored  Jurassic  clays  or  marls.  Then  come  the  foot- 
hills, which  consist  of  Cretaceous  sandstones  and  shales  referred  by  Pro- 
fessor [N^ewton  to  the  Dakota  ]S^o.  1  of  Meek  and  Hayden's  section. 
These  slope  back  to  the  dark  shales  of  the  Fort  Benton  group,  which 
are  su.cceeded  by  higher  Cretaceous  beds  that  extend  to  the  plains  and 
pass  under  the  Bad  Lands  of  the  White  River  formation. 

We  are  of  course  concerned  here  only  with  the  Cretaceous,  and  strictly 
speaking  only  with  the  lowest  member  recognized  by  Professor  Newton. 
In  his  report  he  takes  up  the  several  subdivisions  of  the  Cretaceous  in 


1  Report  on  the  Geology  and  Resources  of  the  Black  Hills  of  Dakota,  with  Atlas,  by  Henry  Newton 
and  Walter  P.  Jenney.  Dept.  Int.,  U.  S.  Geog.  and  Geol.  Surv.  Kocky  Mountain  Region,  J.  W.  Powell 
in  Charge.   Washington,  1880. 
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their  descending  order,  but  uses  the  numbers  of  Meek  and  Hayden. 
He  therefore  begins  with  No.  5  (the  Fox  Hills  group),  and  deals  respec- 
tively with  this,  with  No.  4  (the  Fort  Pierre  group),  No.  3  (the  Niobrara 
group),  and  No.  2  (the  Fort  Benton  group),  concluding  with  No.  1  (the 
Dakota  group),  under  which  he  includes  all  that  series  of  rocks  which 
lie  between  the  black  shales  of  the  Fort  Benton  and  the  Jurassic  beds. 

The  description  of  this  formation  is  taken  almost  literally  from  the 
numerous  memoirs  and  reports  previously  published  by  Meek  and  Hay- 
den, and  is  as  follows: 

Yellowish,  reddish,  and  occasionally  white  sandstone,  with  at  places  alternations 
of  various-colored  clays  and  beds  and  seams  of  impure  lignite;  also  silicified  wood, 
and  great  numbers  of  leaves  of  the  higher  types  of  dicotyledonous  trees,  with  casta 
of  riiardla?  Dakoiensis,  Trigonarca  Siouxen.sis,  etc.  (p.  174). 

It  will  be  observed  that  under  localities  quoted  Professor  Newton 
does  not  eveu  mention  the  Black  Hills,  but  proceeds  immediately  to 
characterize  the  formation  as  observed  in  the  Black  Hills  in  the  fol- 
lowing language: 

Black  Hills. — Prominently  developed,  forming  the  capping  rock  to  the  foothills 
that  surround  the  Hills  on  all  sides,  appears  with  its  characteristic  composition- 
coarse  yellow  or  red  sandstones  with  discontinuous  variegated  clays.  At  places  a 
considerable  thickness  of  very  soft  and  fine  white  sandstone  appears  at  the  base. 
Elsewhere  considerable  portions  are  of  hard,  dense  quartzite.  No  animal  fossils 
were  found,  but  many  remnants  of  plants — in  no  case  more  than  mere  coaly  frag- 
ments. 

Thickness,  250  to  400  feet. 

The  nm  of  Cretaceous  strata  which  encircles  the  Hills  dips  outward  on  all  sides 
or  away  from  the  axis  of  upheaval.  The  strata  begin  with  the  foothills  that  border 
the  outer  edge  of  the  valley.  The  Dakota  sandstone,  resting  conformably  upon 
the  Jura,  forms  the  capping  rock  of  the  foothill  ridge,  and  dips  outward  at  various 
angles  from  10^  to  40^^.  Just  as  the  Cretaceous  encircles  the  outcrop  of  the  under- 
lying Jura  and  Trias,  so  the  different  overlying  groups  of  the  Cretaceous — the  Fort 
Benton,  the  Niobrara,  the  Fort  Pierre,  and  the  Fox  Hills — succeed  each  other  in  regu- 
lar order,  forming  a  series  of  concentric  ridges  that  decrease  in  altitude  as  the  dis- 
tance from  the  Hills  increases  (p.  175). 

Tliis  descrii)tion  is  further  reinforced  by  the  following  more  special 
characterizatiou : 

Taking  up  the  groups  now  in  order,  the  first  to  describe  is  the  Dakota.  Typic- 
ally it  is  a  coarse  sandstone,  geniirally  conglomeratic,  yellowish  in  color,  and  stained 
red  in  places  by  the  oxidation  of  the  iron  contained  in  its  nodules.  Sometimes  the 
sandstone  is  white  in  color  and  uniform  and  line  in  texture,  and  in  several  places 
large  portions  of  the  formation  consist  of  intensely  hard,  glassy,  aiul  compact  (piartz- 
ite,  whit(?  or  lirowiiish  in  color,  and  having  the  density,  toughness,  sharpness,  and 
conchoidal  fracture  of  typical  Hint.  The  quartzitic  development  was  especially 
observed  at  the  southern  <!nd  of  the  Hills,  where  the  Dakota  exjjands  into  a  ])lateau, 
and  in  the  region  north  of  Warren  Peaks,  bnt  it  is  not  conlined  to  those  localities 
(p.  176). 
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The  general  relation  of  these  beds  to  those  underlying  them  in  the 
Black  Hills  is  admirably  shown  in  two  sections  on  pages  140  and  141 
of  that  volume,  which  are  reproduced  below  as  ligs.  117  and  118. 


5  4  4      3  2  1 

ITiG.  117. — Ideal  section  across  the  Red  Yaliey  at  Camp  Jenney,  showing  the  foothills  at  the  left  and 
Fanny  Peak  at  the  ri^ht.  (1)  Carboniferous  limestone;  (2)  Red  sandstone  (Carboniferous);  (3) 
Purple  limestone  (Red  Beds) ;  (4)  Red  clays  with  gypsum  (Red  Beds) ;  (5)  Jura;  (6)  Cretaceous. 

Upon  the  geological  map  accompanying  this  report  have  been  based 
all  subsequent  ones,  and  very  few  additions  have  been  made.  It  is 
reproduced  here  with  very  little  change  except  as  regards  tow^us,  rail- 
roads, etc.,  resulting  from  the  settlement  of  the  country  since  that 


date,  and 
PI.  LIII). 


may  serve  as  a 


general 


index  map  of  that  region  (see 


Fig.  118.— Ideal  section  across  Red  Valle3'  on  Amphibious  Creek. i  (1)  Carboniferous;  (2)  Red  sand- 
stones and  clay  (Red  Beds);  (3)  Purple  limestone  (Red  Beds);  (4)  Red  clay  with  gypsum  (Red 
Beds);  (5)  Jura;  (6)  Cretaceous  sandstone  capping  the  foothills. 

After  the  appearance  of  this  report  a  long  interval  elapsed  before 
any  further  special  discussion  of  the  geology  of  the  Black  Hills  took 
place,  during  which  time  the  country  was  being  rapidly  settled  and  the 
more  important  locations  w^ere  being  seized  upon  as  sites  for  towns, 
while  an  agricultural  population  was  gradually  encroaching  from  with- 
out. A  State  school  of  mines  was  established  at  Rapid  City  and,  in 
addition  to  mining  interests,  some  local  attention  was  being  paid  to 
geology. 

In  the  year  1888  two  papers,  by  F.  R.  Caqienter  and  W.  O.  Crosby, 
appeared  on  the  geology  of  the  Black  Hills,  the  priority  of  which  I  have 
not  been  able  to  determine.^ 

Each  of  these  papers  is  an  important  contribution,  and  that  of  Mr. 
Carpenter  contains  a  map  in  which  the  drainage  and  all  the  important 

1  Amphibious  Creek  is  the  name  given  in  the  Geology  of  the  Black  Hills  to  the  stream  now  called 
Beaver  Creek,  wliich  in  cutting  through  the  rim  forms  the  canyon  known  as  Buffalo  Gap.  It  is  unfor- 
tunate that  the  name  should  have  been  changed,  as  there  are  several  other  Beaver  Creeks  in  the 
Black  Hills,  and  the  Board  on  Geographic  N"ames  would  do  well  to  restore  it. 

2 Notes  on  the  Geology  of  the  Black  Hills,  by  Franklin  R.  Carpenter;  Preliminary  Report  of  the 
Dakota  School  of  Mines  upon  the  Geology,  Mineral  Resources,  and  Mills  of  the  Black  Hills  of  Dakota. 
Rapid  City,  1888,  pp.  11-52. 

Geology  of  the  Black  Hills  of  Dakota,  by  W.  O.  Crosby:  Proc.  Bost.  Soc.  Nat.  Hist.,  Vol.  XXIII, 
pp.  488-517.   Read  March  7,  1888. 
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towns  are  showD,  as  well  as  the  general  geology.  Some  considerable 
advance  is  made  in  the  knowledge  of  the  geological  formations,  but  it 
relates  principally  to  the  lower  beds.  The  Cretaceous  assumes  impor- 
tance only  in  connection  with  the  discussion  of  the  age  of  the  uplift, 
which  was  formerly  supposed  to  be  entirely  post-Cretaceous  5  but  evi- 
dence is  adduced  in  these  papers  to  show  that  much  of  the  material, 
even  of  the  lowest  Cretaceous,  is  derived  from  the  older  and  more  cen- 
tral deposits,  which  must  therefore  have  been  elevated  at  an  earlier 
date.  i^"othing  is  here  said  about  subdividing  the  Dakota  group  of 
I^Tewton,  and  the  matter  remained  in  all  respects  iu  its  original  form. 

In  the  summer  of  1889  Professor  Van  Hise,  of  the  U.  S.  Geological 
Survey,  and  Mr.  C.  W.  Hall  made  a  "vacation  trip  into  the  Black  Dills 
of  South  Dakota,"  and  at  the  meeting  of  the  Minnesota  Academy  of 
Natural  Sciences  on  December  3  of  that  year  Mr.  Hall  read  a  paper 
before  that  academy,  an  abstract  of  which  appeared  in  its  proceedings 
of  that  date.^  So  far  as  this  abstract  shows  their  investigations  were 
confined  almost  exclusively  to  pre-Cambrian  strata,  and  the  Cretaceous 
is  not  mentioned. 

In  this  rapid  survey  of  the  history  of  the  discovery  of  the  Cretaceous 
in  the  I>lack  Hills  and  of  the  Dakota  group  in  general,  I  have  been 
obliged  to  leave  out  of  account  a  series  of  events  connected  with  the 
subject  in  a  general  way,  but  without  relation  to  the  Black  Hills,  con- 
sisting in  the  tracing  of  the  Dakota  group  across  the  plains  from  Min- 
nesota to  Kansas,  the  discovery  of  an  immense  flora  and  its  elaboration 
at  the  hands  of  Heer,^  Newberry,^  and  Lescpiereux,^  accompanied  by 
an  animated  discussion  as  to  the  age  of  the  Dakota  group. 

After  numerous  mistakes,  due  to  conclusions  drawn  from  insufficient 
material,  to  the  infancy  of  the  science  of  fossil  plants,  and  to  precon- 
ceptions based  upon  Old  World  geology,  a  general  consensus  was  at 

J  Bulletin  of  the  Minnesota  Academy  of  Natural  Sciences,  Vol.  Ill,  No.  2.  Proceedinfra  and  Accom- 
panying Papers,  1887-1889,  Minneapolis,  1891,  pp.  185-180. 

2Le8  Phyllites  Cr6tac6es  dvi  Nebraska,  par  MM.  les  Prof.  J.  Capellini  et  O.  Heer:  Mem.  Soc.  Ilelv. 
Sci.  Nat.,  Vol.  XXII,  No.  1,  Zurich,  1866,  22  pp.,  4  pi.  Sur  les  plantes  fossiles  du  Nebraska,  par  Oaw. 
Heer:  loc.  cit.,  pp  11-22,  PI.  I-IV. 

3Notes  on  the  Later  Extinct  Floras  of  North  America,  with  Descriptions  of  some  New  Species  of 
Fossil  Plants  from  the  Cretaceous  and  Tertiary  Strata,  by  J.  S.  Newberry:  Ann.  Lyc.  Nat.  Hist.,  Vol. 
IX,  New  York,  April,  1868,  pp.  1-76. 

Illustrations  of  Cretaceous  and  Tertiary  Plants  of  the  Western  'rcrritorirs  of  the  TTtiitcd  States; 
Department  of  the  Interior,  T".  S.  Geol.  and  fjco;^r.  Surv.  Terr.,  Washiii;;ton,  1878,  4^,  20 

*0n  some  Cretaceous  I'  ossil  IMaiits  from  Nebraska,  hy  Leo  Lesqiiereux :  Am.  Jour.  Sci.,  2(1  ser., 
Vol.  XLVI,  July,  1808,  pp.  91-10.5. 

Contributions  to  tlie  Fossil  Flora  of  tlic  Western  Territories,  Part  I;  Tlie  Cretaceous  Flora,  by 
Leo  Lesquerenx:  Kept.  U.  S.  Geol.  Surv.  Terr.,  F.  V.  Hayden,  Geologist  in  Charge,  Vol.  VI,  4°, 
Washington,  1874,  136  pp.,  30  jd. 

A  Review  of  tli«  Cretaceous  Flor.i  of  North  Aimrica,  by  Leo  Lesquereux:  Eiglith  Auu.  Kept.  U.S. 
Geol.  and  Geogr.  Surv.  Terr.,  for  tlie  year  1874,  F.  V.  Hayden,  U.  S.  Geologist,  Washington,  1870,  ])p. 
316-36.'),  pis.  i-viii. 

Contributions  to  the  FoMsil  Flora  of  the  Westfjrn  Territories,  Part  III ;  The  Cretaceous  and  Tertiary 
Floras,  by  Leo  Lesquereux:  Department  of  the  Interior;  Kept.  U.  S.  G(!ol.  Surv.  Terr.,  F.  V.  Hay«len, 
Geologist  in  Charge,  Vol,  VIII,  4'^.  Washington,  1883.  Description  and  Enumeration  of  Species  of  the 
Ameriran  Dakota  firoup  Formation,  py>.  2.')-107,  pis.  i-xvii. 

The  Flora  of  the  Dakota  (Irouit.  A  Posthumotis  Work,  by  L»'(»  I/esiiucn-ux,  cditrd  liy  F.  li.  Know  Iton  : 
Mon.  U.  S.  Geol.  Survey,  Vol.  XVII,  4^  Washington,  1892,  400  pj).,  66  pl. 
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last  reached  which  placed  the  Dakota  group  iuto  substautial  correlation 
with  the  Ceiiomaniau  of  Europe.  This  view,  based  almost  exclusively 
on  the  fossil  plants,  had  become  so  firmly  established  that  it  resulted 
in  a  general  feeling  that  Dr.  Hayden,  Mr.  Meek,  and  others  had  made 
a  great  mistake  in  referring  any  of  the  beds  embraced  in  their  Creta- 
ceous No.  1  to  the  Lower  Cretaceous  in  any  sense  other  than  that  they 
were  the  lowest  Cretaceous  beds  represented  in  North  American  geol- 
ogy, and  the  opinion  had  come  to  prevail  that  there  was  no  Lower  Cre- 
taceous in  the  Rocky  Mountain  region. 

But  simultaneously  with  the  latter  part  of  this  period  investigations 
in  British  America,  on  the  Queen  Charlotte  Islands,  in  California,  in 
Texas,  and  in  Virginia  had  led  to  the  certainty  of  the  existence  of  true 
Lower  Cretaceous  beds  in  each  of  those  regions,  and  had  brought  to 
light  the  Kootanie,  the  Queen  Charlotte  group,  the  Shasta  group,  the 
Comanche  series,  and  the  Potomac  formation.  I  had  myself  been 
engaged  in  the  study  of  the  Lower  Cretaceous  flora  of  the  United 
States,  and  especially  of  the  Potomac  formation,  since  the  year  1885, 
and  had  examined  a  number  of  the  Lower  Cretaceous  areas  in  other 
parts  of  the  country.  In  1883  I  visited  the  Great  Falls  of  the  Missouri 
in  company  with  Dr.  C.  A.  White,  and  I  observed  that  the  rocks  in 
that  region  which  Dr.  White,  in  harmony  with  the  tradition  of  the 
time,  referred  to  the  Dakota  group  were  entirely  different  in  character 
from  the  well-known  brown  sandstone  which  yields  the  flora  of  that 
group,  and  I  even  dared  to  suspect  that  such  a  vast  thickness  of  these 
beds  as  is  displayed  on  the  Upper  Missouri  could  scarcely  all  belong  to 
the  Dakota  groui).  In  1888,  or  thereabouts,  Mr.  R.  S.  Williams  made 
a  collection  of  fossil  plants  at  the  town  of  Great  Falls,  which  were 
referred  to  Dr.  Newberry  for  determination  and  were  described  by  him 
in  the  year  1891.^  He  found  them  to  agree  in  all  essential  respects 
with  forms  of  the  Kootanie,  as  made  known  by  Sir  William  Dawson, 
and  thus  was  established  the  true  Lower  Cretaceous  age  of  these 
deposits.  Subsequent  discoveries  have  only  confirmed  this  conclusion, 
and  considerable  additional  evidence  has  been  brought  to  light.  Col- 
lections made  by  Knowlton,  Peale,  and  Weed  were  elaborated  by  Pro- 
fessor Fontaine,^  and  in  1895  I  visited  the  region  myself  and  made  a 
much  larger  collection  than  any  of  the  previous  ones,  chiefly  from  Cas- 
cade County,  some  25  miles  southeast  of  Great  Falls,  between  the 
Little  Belt  and  High  Wood  Mountains,  from  coal  mines  in  the  same 
formation.  This  collection  has  also  been  studied  and  reported  upon  by 
Professor  Fontaine,  but  his  report  is  not  yet  published.  Suffice  it  to 
say  that  all  this  material  agrees  in  supporting  the  conclusion  reached 
by  Dr.  Newberry  as  to  the  substantial  identity  of  this  flora  with  that 
of  the  Kootanie  beds  of  British  America. 

1  The  flora  of  the  Great  Falls  coalfield,  Montana,  by  J.  S.  Newberry :  Am.  Jour.  Sci.,  3d  series,  Vol. 
XLI,  March,  1891,  pp.  191-201,  pi.  xiv. 

2  Description  of  some  fossil  plants  from  the  Great  Ealls  coal  field  of  Montana,  by  William  M.  Fon- 
taine :  Proc.  U.  S.  Nat.  Mus.,  Vol.  XV,  Washington,  1892,  pp.  487-495,  pis.  Ixxxii-lxxxiv. 
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A  somewhat  careful  study  of  tlie  flora  of  the  Amboy  clays  and  of 
beds  of  practically  the  same  age  on  the  shores  of  the  Chesapeake  Bay 
and  across  the  State  of  Marylaud  to  the  Potomac  had  led  me  to  the 
conclusion  that  these  deposits  also  lie  below  the  line  which  should 
I^roperly  separate  the  Upper  from  the  Lower  Cretaceous.  Investiga- 
tions in  Alabama  and  other  Southern  States  had  further  shown  the 
virtual  identity  in  age  of  the  Tuscaloosa  formation  and  the  Amboy 
clays.  The  Comanche  series  had  yielded  a  few  fossil  plants,  which 
proved  to  be  at  least  as  old  as  the  oldest  Potomac  beds.^  All  these 
results,  taken  together,  had  led  nie  to  believe  that  the  true  Lower  Cre- 
taceous was  really  very  widespread,  and  that  it  would  be  found  in 
many  parts  of  the  West  where  it  had  not  hitherto  been  suspected  to 
exist. 

In  the  investigation  of  the  Potomac  formation  in  Maryland  the  sub- 
ject of  fossil  cycads  had  necessarily  become  prominent,  and  I  arrived  at 
the  conclusion  that  all  the  trunks  of  this  character  that  had  been 
discovered  in  Maryland  are  derived  from  the  older  beds,  which  I  call 
the  Basal  Potomac.  Professor  Cragin  had  obtained  a  fragment  from 
Kansas  which  certainly  belongs  to  a  cycad  trunk  and  which  he 
described  as  Cijcadeoidea  munita  in  1892.^  He  supposed  that  this  frag- 
ment came  from  the  Cheyenne  sandstone,  but  after  having  visited  the 
locality  I  am  satisfied  that  this  could  not  have  been  the  case,  and, 
taking  all  the  evidence  into  account,  I  am  inclined  to  believe  that  it 
had  weathered  out  from  the  base  of  the  true  Dakota  group,  perhaps 
from  the  Peeder  sandstone.-' 

I  mention  the  cycadean  trunks  because  it  was  through  these  that  my 
interest  was  first  attracted  to  the  Black  Hills.  In  February,  181)3,  the 
Smithsonian  Institution  received  a  letter  from  Mr.  F.  H.  Cole,  at  Hot 
Springs,  South  Dakota,  a  dealer  in  specimens,  inclosing  photographs 
of  certain  petrifactions  found  in  that  vicinity,  which  he  said  had  been 
called  '^cycads."  The  letter  and  photographs  were  referred  to  me  on 
the  presumption  that  these  objects  were  of  vegetable  origin.  I  at  once 
I)erceived  that  they  were  fossil  cycadean  trunks  closely  resembling 
those  collected  by  Tyson  in  1800  in  the  iron-ore  clays  of  JMaryland  and 
named  by  Professor  Fontaine  Tysonia  marylandica^  and,  therefore,  also 
similar  to  the  forms  found  by  Mantell  and  others  in  the  early  part  of 
the  century  in  the  Purbeck  beds  on  the  Isle  of  Portland  and  at  other 
points  in  the  south  of  IvUglnnd.  Joeing  greatly  interested  in  the  dis- 
covery, I  recommended  that  the  owner  of  the  fossils  be  requested  to 
send  on  a  specimen  for  examination.  The  request  was  complied  with, 
and  tlie  si)ecimens  proved  to  be  all  that  1  had  expected.  I  therefore 
made  the  further  rec^ommendiit ion  that  negotiations  be  entered  into 

'  Notes  on  some  foHHil  plants  from  tlio  Trinity  division  of  the  Comanche  Heriea  of  Texas,  by  Will- 
iam M.  Fontaine  :  Proc.  U.  S.  Nat.  Mus.,  Vol.  XVI,  Wa.shiu;;ton.  1893,  j)]).  'iGl -'_>8'J,  pi.  xxxvi-xliii. 

^Contrihnlirui.s  to  the  ital;i'onlolo;j;y  of  the  Plains,  N(».  1,  by  V.  W.Cragiii:  Pull.  Washburn  Col- 
lege Lab.  Nat.  IHst.,  Topeka,  Vol.  II,  No.  10,  1881).  pj>.  65-68. 

•See  Mr.  C.  N.  (iould'.s  jiajxir  in  .Vni.  Jour.  Sci.,  4th  scries.  Vol.  V,  M;ir<  h,  189H.  pp.  17:5,  174. 
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with  a  view  to  the  purchase  of  the  collection  of  six  specimens,  which 
were  offered  for  sale.  This  recommendation  was  also  adopted;  the 
collection  was  purchased,  and  arrived  in  May,  1893.^ 

Hot  Springs  is  located  on  the  Eed  Beds  in  the  valley  of  the  Min- 
nekahta  Creek,  or  Fall  River,  and  it  would  have  been  natural  to  sup- 
pose that  the  cycad  trunks  had  come  either  from  these  or  from  the 
Jurassic  which  borders  it  had  it  not  been  stated  that  they  were  found 
"on  a  high  hill.'^  My  interest  was,  of  course,  strongly  aroused  to  know 
the  stratigraphical  position  of  the  beds  in  which  they  occurred,  and 
therefore  early  in  September  I  made  an  expedition  to  the  region  for  the 
purpose  of  determining  it  if  possible.  I  had  previously  corresponded 
with  Mr.  F.  H.  Cole,  of  Hot  Springs,  from  Avhom  the  specimens  had 
been  purchased.  I  had  also  written  to  Professor  Jenuey,  who  was  then 
at  Deadwood,  and  who  kindly  consented  to  join  me  on  my  arrival  and 
aid  me  in  the  investigation.  After  considerable  search  and  some  diffi- 
culty the  locality  was  at  length  found.  The  details  of  this  expedition 
are  given  below  (p.  552). 

The  general  resemblance  of  these  cycad  trunks  to  those  that  have 
been  discovered  in  various  parts  of  the  world  in  beds  below  the  Middle 
Cretaceous  raised  the  suspicion  in  my  mind  that  these  deposits  might 
be  older  than  the  plant-bearing  Dakota.  I  learned  while  there  that 
Professor  McBride  had  been  in  that  region  studying  the  cycads,  and 
that  he  had  collected  some  and  taken  them  to  the  State  University  of 
Iowa,  at  Iowa  City.  In  October  of  that  same  year  he  j)ublished  a 
description  of  a  species  which  he  called  Bennettites  dacotensis?  Pro- 
fessor McBride,  and  also  Professor  Calvin,  State  geologist  of  Iowa, 
who  had  examined  the  region,  presented  x)apers  on  this  subject  before 
the  Iowa  Academy  of  Sciences  in  December,  1893,  the  latter  especially 
discussing  the  geological  position  of  the  cycads.'^  Professor  Calvin 
shortly  after  published  the  results  of  his  investigations  in  a  communi- 
cation to  the  American  Geologist.*  Professor  Calvin's  i)rincipal  object 
seems  to  have  been  to  fix  the  position  of  the  cycad  beds  relatively  to 
the  well- recognized  formations  above  and  below,  and  it  was  not,  of 
course,  difficult  for  him  to  show  that  they  lay  between  the  Fort  Benton 
shales  and  the  marine  Jurassic.  The  idea  that  this  thick  formation, 
amounting  in  some  places  to  400  feet,  should  itself  be  susceptible  to 
subdivision  does  not  seem  to  have  occurred  to  him,  and  after  consid- 
erable discussion  of  these  more  general  relations,  in  which  he  seems  to 
realize  that  he  is  giving  a  great  breadth  to  the  subject,  he  concludes  in 
the  following  language: 

Returning  finally  to  the  main,  object  for  which  these  observations  were  under- 
taken, it  is  clear  that  Bennettites  dacotensis  McBride  belongs  to  the  Cretaceous  period, 

1  See  Science,  Vol.  XXI,  No.  543,  June  30, 1893,  p.  855. 

2 A  now  cycad,  by  T,  H.  McBride:  Am.  Geologist,  Vol.  XII,  October,  1893,  pp.  248-250,  pi.  xi.  Re- 
printed in  Bull.  Lab.  ISTat.  Hist.,  State  Univ.  Iowa,  Vol.  II,  No.  4, 1893,  pp.  391-393,  pi.  xii. 
3  See  Science,  Vol.  XXIII,  No.  570,  January  5, 1894,  p.  10. 

''Am.  Geologist,  Vol.  XIII,  No.  2,  February,  1894,  pp.  79-81;  also  published  in  the  Proc.  Iowa  Acad. 
Sci.  for  1893,  Vol.  I,  pt.  4 ;  Des  Moines,  1894,  pp.  18-22. 
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and  the  evidence  is  practically  conclusive  that  the  exact  horizon  at  which  the 
individuals  of  the  species  were  imbedded  is  represented  by  the  uppermost  layers  of 
the  Dakota  sandstone. 

I  was  wholly  unaware  of  the  work  that  Professors  McBride  and 
Calviii  were  doing",  and  had  overlooked  the  article  of  the  former  in  the 
American  (leologist  for  October.  On  my  return  from  the  Black  Hills 
I  proceeded  to  elaborate  the  results  that  I  had  reached,  but  having* 
much  else  to  do  I  did  not  complete  the  paper  until  after  the  middle  of 
February,  1894,  Avhen  I  sent  it  on  to  the  Journal  of  Geology,  in  which  it 
soon  after  appeared.^  The  substance  of  that  paper  will  be  given  under 
the  next  head. 

In  all  that  I  said  in  this  paper  Professor  Jenney  concurred,  as  we 
were  together  during  the  entire  investigation,  and  I  sent  him  the 
manuscript  when  completed.  The  sections  were  made  after  mutual 
consultation,  and  in  the  field,  and  were  reproduced  in  the  article  with- 
out change.  The  diagrammatic  sections  are  my  own,  and  are  based 
upon  the  data  collected.  As  stated  in  that  article,  we  were  not  satisfied 
with  the  evidence  furnished  by  the  cycads  alone  or  by  the  cycads  and 
the  fossil  wood,  but  proceeded  to  discover  beds  containing  fossil  plants, 
both  in  the  lower  portion  and  also  in  the  upper.  These  two  classes  of 
plant-bearing  beds  differ  fundamentally,  and  the  nature  of  the  plants 
from  the  lower  beds  made  it  practically  certain  at  a  glance  that  they 
could  not  belong  to  the  plant-bearing  Dakota  group.  But  I  Avas  not 
satisfied  to  rest  the  case  upon  my  own  judgment  as  to  these  plants.  I 
therefore  referred  them  to  Professor  Fontaine,  whose  thorough  famil- 
iarity with  the  older  Potomac  fiora  and  Mesozoic  plants  in  general 
has  made  him  the  leading  authority  on  the  subject.  His  report  upon 
the  collection  is  published  in  this  article,  pp.  259-260.  The  concluding 
paragraph  of  that  report  is  as  follows: 

It  will  be  seen  from  this  account  that  the  plants,  so  far  as  one  can  judge  from 
such  imperfect  material,  indicate  a  Lower  Cretaceous  and  Neocomian  age,  with 
rather  mon;  reseinbance  to  the  Kome  than  Potomac  phase  or  grouping,  but  it  is  by 
no  means  certain  that  the  Potonia<;  grouping  is  not  nearest  to  that  liere  shown. 

T  also  referred  the  fossil  wood  to  Professor  Knowlton,  and  his  re])ort 
immediately  follows  that  of  Professor  Fontaine,  and  is  in  entire  har- 
mony with  it  as  regards  the  Lower  Cretaceous  age  of  the  si)ecimens. 
Indeed  it  would  naturally  seem  to  point  to  a  still  earlier  period, 
although  it  can  not  be  said  to  prove  this. 

The  specimens  from  tlie  uj)per  beds  were  indentified  by  myself,  and 
are  fully  described  and  figured  below  (]).  7()2-70!>,  IMs.  CLX-CLXXII). 
There  is  no  reason  to  suppose  that  they  <lo  not  represent  tlic  true 
Dakota  grou]),  and  tlie  line  l)etweeu  the  lJpj)cr  and  Lower  Cretaceous 
must  fall  somewhere  between  the  cycad  beds  and  the  upper  plant  beds 


'  The  Cretaceous  rim  ot  the  Black  Hills,  Jour.  Geol.,  Vol.  II,  No.  3;  Chicago,  April-May,  1894,  pp. 
250-266. 
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above  the  quarry  sandstone.  Nothing  has  happened  since  that  paper 
was  published  to  modify  the  following  statements  which  it  contained: 

It  thus  appears  that  the  flora  of  the  beds  above  Evans  quarry  is  distinctly  that  of 
the  Dakota  group,  while  all  the  plants  found  below  that  horizon  as  distinctly 
indicate  a  Lower  Cretaceous  age.  The  force  of  this  evidence  is  to  my  mind  irresist- 
ible, and  it  is  safe  to  predict  that  if  any  other  paleontological  evidence  is  ever 
found  it  will  confirm  this  conclusion.  The  question  still  remains  as  to  where  the 
dividing  line  is  to  be  drawn.  Between  the  cycad  and  fossil  wood  horizon  and  that 
of  the  Dakota  leaves  there  are  some  hundred  feet  of  sandstones  and  shales.  Sixty 
to  seventy-five  feet  of  this  consists  of  the  massive  or  heavy-bedded  building  stone, 
which  in  places  becomes  flinty  and  very  hard.  As  the  thin  shaly  layer  which 
separates  this  from  the  leaf  bed  may  be  safely  put  with  the  latter  into  the  Dakota 
proper,  and  there  seems  no  reason  for  separating  the  similarly  constituted  layer  that 
intervenes  between  the  cycad  horizon  and  the  base  of  the  sandstone  from  the  one 
upon  which  it  rests,  the  question  is  narrowed  down  to  that  of  the  position  of  the 
quarry  sandstone.  That  question  I  will  leave  to  the  stratigraphical  geologists 
(p.  263). 

Professor  Todd,  State  geologist  of  South  Dakota,  in  1894  still  con- 
tinued to  place  the  Dakota  group  between  the  Jurassic  and  the  Fort 
Benton,  and  to  indicate  the  earlier  Cretaceous  as  ''absent."^  He  does 
not  do  this  in  ignorance  of  the  results  at  which  I  had  arrived,  but 
reproduces  my  sections  (pp.  63-71),  speaking  of  one  of  them  as  ^'par- 
ticularly valuable  both  for  its  completeness,  and  the  careful  discrimioa- 
tion  and  measurement  of  the  strata."  Commenting  on  these  sections, 
Professor  Todd  says : 

A  point  of  special  interest  should  be  mentioned  here,  namely,  that  numerous  speci- 
mens of  cycad  trunks  have  been  found  at  various  points.  Those  which  have  been 
quite  carefully  studied  and  described  by  Mr.  L.  F.  Ward  (Journal  of  Geologj^  1894), 
of  the  United  States  Geological  Survey,  and  Professor  McBride  (American  Geologist, 
1894),  of  the  Iowa  State  University,  were  collected  in  the  southern  part  of  the  Hills, 
southwest  of  Minnekahta  and  southeast  of  Hot  Springs.  Specimens  also  have  been 
found  several  miles  north  of  Eapid  City,  and  in  a  ravine  southwest  of  that  place. 
They  all  seem  to  be  traceable  to  the  lower  layers  of  the  Dakota  sandstone,  and  Mr. 
Ward,  partly  for  this  reason,  strongly  suspects  that  the  lower  layers  of  the  so-called 
Dakota  formation  may  be  older  than  that  period  (pp.  71-72). 

This  is  certainly  a  very  mild  statement  of  my  position;  and  my  lan- 
guage was  intended  to  express  something  much  more  than  a  strong 
suspicion  as  to  the  Lower  Cretaceous  age  of  these  deposits. 

But  whatever  doubts  there  may  have  been  then,  they  have  all  been 
set  completely  at  rest  by  subsequent  events.  During  the  summer  of 
1894  Professor  Jenney,  while  operating  in  the  coal -mining  district  of 
Hay  Creek,  Crook  County,  Wyoming,  in  the  northwest  portion  of  the 
Black  Hills,  but  within  the  Cretaceous  rim,  found  fossil  plants  in  great 
abundance  associated  with  the  coal.  True  to  his  instincts  as  the  type 
of  a  scientific  collector,  he  proceeded  to  collect  these  plants,  and,  as  a 
pure  labor  of  love,  he  obtained  during  the  summer  and  sent  to  Wash- 
ington by  official  mail  one  of  the  finest  collections  that  has  thus  far  been 


'A  preliminary  report  on  the  geology  of  South  Dakota,  by  J.  E.  Todd,  State  Geologist:  South. 
Dakota  Geological  Survey,  Bulletin  No.  1,  Sioux  falls,  1894,  p.  22. 
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made  from  any  part  of  the  West.  They  were  sent  direct  to  me,  and  my 
interest  in  them,  as  may  well  be  imagined,  was  intense.  I  received 
them  for  the  United  States  Geological  Survey,  and  when  they  had  all 
been  unpacked  and  duly  recorded  I  sent  them  to  Professor  Fontaine 
for  determination.  He  gave  them  his  painstaking  attention,  and 
prepared  the  able  report  which  I  embodj'  in  this  memoir  (pp.  045-702, 
Pis.  CLX-CLXIX). 

It  is  needless  to  anticipate  this  report  further  than  to  say  that  the 
plants  completely  demonstrate  the  Lower  Cretaceous  age  of  the  Hay 
Creek  coal  held.  Professor  Jenney  was  good  enough  to  make  a  careful 
study  of  the  stratigraphical  relations  of  the  numerous  beds  in  which 
the  plants  occur,  representing  a  large  number  of  horizons,  which  were 
fully  shown  in  careful  sections.  At  my  request  Professor  Jenney  has 
furnished  extensive  notes  upon  his  work  there,  which  are  embodied 
in  this  paper,  and  he  has  also  kindly  furnished  a  map  of  that  region. 
All  these  data  together  will,  I  trust,  render  the  whole  subject  clear  to 
the  geologist. 

In  a  revision,  which  I  made  in  1894,  of  the  genus  Cycadeoidea  of 
Buckland,  which  genus  probably  embraces  all  the  fossil  cycadean  trunks 
thus  far  found  in  America,  I  described  from  notes  and  sketches  made 
by  Professor  Jenney  a  new  species  of  that  genus,  which  I  called  G, 
Jenneyana}  The  description  there  given  was  of  course  very  meager, 
and  is  completed  in  this  paper  (pp.  627-632,  Pis.  CXXI-CXXXII). 

This  species  was  made  known  to  me  by  Professor  Jenney,  who  had 
long  been  aware  of  the  existence  of  the  two  large  trunks  at  the  State 
School  of  Mines  at  Rapid  City.  He  had  been  to  the  pains  to  inquire 
into  the  source  of  these  and  had  learned  that  they  were  collected 
many  years  before,  about  10  miles  northwest  of  liapid  City,  by  a  gen- 
tleman named  Leedy.  Being  exceedingly  anxious  to  ascertain  whether 
this  locality  also  lies  in  the  Cretaceous  rim  of  the  Hills,  I  went  to 
Rapid  City  early  in  August,  1895,  where  I  joined  Professor  Jenney, 
and  we  proceeded  to  the  locality  and  made  a  thorough  examination  of 
the  general  region.  A  more  complete  account  will  be  found  under  the 
description  of  the  Blackhawk  region  (infra,  pp.  560-563),  and  I  need 
only  say  here  that,  as  we  expected,  the  beds  yielding  this  specimen  lie 
above  the  Jurassic,  and  the  cycads  were  associated  with  the  heavy 
sandstones  which  constitute  the  lowest  Cretaceous  deposits.  These 
beds  are  therefore  substantially  the  same,  in  their  stratigraphical 
relations,  as  those  yielding  the  other  cycads  and  fossil  plants  already 
referred  to.  Numerous  other  specimens  had  been  collected  and  carried 
away  by  persons  who  desired  to  profit  by  them,  and  not  one  could  be 
found  by  our  party.  Some  of  these,  as  will  be  shown,  were  subse- 
c[uently  obtained  by  i)urcliase.  A  great  amount  of  fossil  wood  occurs 
in  that  locality,  a  good  collection  of  which  was  made. 

'Fossil  cyca(l«!an  trunks  of  North  America,  witli  u  rt'vigiuu  of  the  nemis  ( 'ycadeoidca  Buckland: 
Proc.  Biol.  Sue.  WaHliin;;toii,  Vol.  IX.  Ai)ril  y,  1894,  pp.  75-88.    (C.  Jenneyana  is  described  on  p.  87.) 
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From  Rapid  Gity  I  proceeded  to  Hot  Spriugs,  ^here  I  obtaiued  con- 
siderable additional  material,  some  of  it  from  localities  already  described, 
but  the  remarkable  trunk  wliicb  I  call  Cycadeoidea  excelsa,  and  whicb  is 
described  below  (p.  637),  was  collected  in  an  entirely  different  locality, 
which  is  fully  indicated  in  connection  with  the  description  of  the  species, 
and  its  location  on  the  map  is  given  as  exactly  as  the  data  will  permit. 

In  both  my  visits  to  the  Black  Hills,  in  1893  and  1895,  I  saw  large 
numbers  of  fossil  cycads  at  various  places,  mostly  in  the  hands  of 
dealers  in  specimens,  who  held  them  for  sale,  often  at  moderate  prices, 
but  others  were  seen  in  heaps  of  stones  along  with  specimens  of  ore,  coal, 
building  stone,  and  other  products  of  the  country,  often  symmetric- 
ally arranged  in  pyramidal  forms,  at  railroad  stations  and  elsewhere. 

As  the  funds  at  my  disposal  were  limited,  I  was  able  to  purchase  only 
such  as  appeared  to  me  to  represent  distinct  species,  although  I  was 
aware  that,  not  having  as  yet  described  the  species,  I  might  easily  be 
mistaken  in  the  matter,  and  that  doubtless  many  new  species  existed 
which  could  have  been  easily  obtained  by  anyone  who  had  the  means. 

Well  knowing  the  ftite  of  most  of  such  material,  which  usually  gets 
into  the  hands  of  private  individuals  making  no  pretensions  to  science 
and  who  wish  such  specimens  merely  as  curiosities,  but  who  hold  them 
in  high  esteem  and  are  unwilling  to  part  with  them,  or  in  most  cases 
are  so  situated  that  no  scientific  man  ever  sees  the  specimens  again,  I 
was  glad  to  learn  that  Professor  McBride  had  himself  secured  a  large 
number  of  specimens  for  the  State  University  of  Iowa,  where  I  hoped 
they  would  soon  be  taken  uj)  and  submitted  to  thorough  scientific  study. 

But  even  after  he  had  secured  all  he  desired  great  numbers  remained, 
and  when,  the  following  year.  Prof.  O.  G.  Marsh  approached  me  on  the 
subject  and  manifested  a  special  interest  in  these  objects,  I  gladly 
imparted  to  him  all  the  information  in  my  possession  relative  to  the  best 
means  of  securing  them,  including  the  names  and  addresses  of  dealers 
who  had  them  for  sale,  the  prices  at  which  they  were  held,  and  the 
localities  from  which  they  had  been  collected,  so  far  as  these  were 
known  to  me.  I  greatly  hoped  that  with  the  resources  at  his  command, 
Professor  Marsh  would  rescue  from  oblivion  and  insure  to  science 
many  of  these  interesting  paleoutological  treasures. 

I  heard  nothing  further  from  Professor  Marsh  until  on  March  18, 
1898,  I  received  a  letter  from  him  stating  that  he  had  obtained  a 
large  collection  of  cycads  from  the  Black  Hills  and  requesting  me  to 
come  to  New  Haven  and  describe  them.  As  the  present  paper  was 
then  already  in  an  advanced  stage  of  preparation  and  the  descriptions 
of  those  in  my  hands  were  already  written  and  would  be  included  in  it, 
it  seemed  to  me  that  the  opportunity  should  not  be  lost  of  embracing 
under  the  same  head  all  the  new  material  that  might  be  accessible.  I 
therefore  immediately  consulted  with  the  Director  on  the  subject  and 
received  orders  to  proceed  at  once  to  iTew  Haven  and  take  all  necessary 
notes  on  Professor  Marsh's  collection. 

This  work  was  performed  from  the  22d  to  the  31st  of  March.  This 
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collection  consisted  of  87  specimens,  and  notes  were  taken  upon  each 
of  these  and  the  more  important  of  them  were  fully  described.  Having 
with  me  the  descriptions  of  all  the  other  cycads,  I  paid  special  attention 
to  characters  which  could  not  be  observed  in  the  specimens  already 
described,  either  because  these  were  too  perfect  to  show  any  internal 
structure  or  from  defectiveness  of  any  kind.  All  variations  that  the 
new  material  indicated  from  the  specimens  previously  taken  as  types 
of  species  already  identified  were  also  carefully  noted,  with  a  view  to 
the  correction  and  expansion  of  the  characters.  All  the  new  species 
were  of  course  very  carefully  dealt  with. 

In  addition  to  these  notes  Professor  Marsh  placed  a  photographer  at 
my  disposal  and  all  the  more  important  specimens  were  photographed, 
often  from  various  points  of  view,  for  purposes  of  illustration.  All 
these  notes  and  illustrations  appear  in  their  proper  places,  embodied 
in  the  descriptions  of  the  species. 

While  at  New  Haven,  engaged  on  this  collection.  Professor  Marsh 
informed  me  that  two  additional  invoices  were  soon  expected  from  the 
Black  Hills,  and  that  he  wished  me  to  include  these  also,  if  possible, 
when  they  arrived.  But  I  could  not  then  wait  for  them  and  returned 
to  Washington.  On  May  20  he  telegraphed  me  that  the  first  invoice 
had  arrived,  and  on  May  31  he  similarly  notified  me  of  the  arrival  of 
the  second  invoice.  The  two  invoices  contained  39  specimens,  which, 
added  to  the  87  specimens  i)reviously  received,  constitutes  a  collection 
of  126  cycadean  trunks  and  fragments. 

As  nearly  all  of  the  first  large  collection  had  been  obtained  from  the 
Miunekahta  region,  very  close  to  where  the  original  types  were  discov- 
ered, and  as  these  two  new  invoices  were  from  the  Blackhawk  region, 
from  which  so  few  cycads  had  been  thus  far  made  known,  it  was 
especially  important  that  these  should  be  included  in  this  report,  and 
therefore,  at  a  risk  of  considerable  delay,  I  undertook  their  elaboration, 
which  was  accomplished  in  a  little  over  a  week,  viz,  from  June  6  to 
June  13,  and  this  included  the  work  of  pliotographing  the  important 
specimens.  All  the  data  thus  secured  are  embodied  in  the  descrii)tions 
below  and  constitute  a  very  material  increase  in  our  knowledge  of  the 
cycadean  vegetation  of  the  Black  Hills  Cretaceous. 

Xearly  all  the  specimens  in  the  Yale  collection  were  reported  either 
from  the  Miunekahta  region  or  from  the  Blackhawk  region,  and  but 
very  little  additional  information  accompanied  the  collections.  The 
last  invoice  from  the  lilackhawk  region  was  ac(!om])anied  by  data  si)eci- 
fying  the  location  of  the  specimens  somewhat  in  detail,  giving  dis- 
tances and  direction  from  Black's  ranch,  but  this  embraced  compara- 
tively few  8])ecimens.  The  first  invoice  contained  one  specimen  which 
was  said  to  have  been  found  between  2  and  3  miles  west  of  Sturgis, 
South  Dakota,  a  wholly  new  locality. 

With  the  exception  of  a  small  collc(;tion  obtained  by  Professor  Marsli 
from  Mr.  Stillwcll,  in  Deadwood,  and  re[)orte(l  ))y  him  fjom  the  Miune- 
kahta region,  all  of  these  large  collections  which  Professor  Marsh 
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secured  were  made  by  Mr.  Henry  F.  Wells,  of  Sturgis,  one  of  Professor 
Marsh's  trusted  collectors  of  fossil  vertebrates,  who  had  been  induced  to 
turn  his  attention  to  a  search  for  cycads,  and  whose  skill  as  a  collector 
readily  enabled  him  to  locate  the  cycad  beds  and  obtain  quantities  of 
specimens  which  had  been  overlooked  by  more  superficial  observers.  I 
was  certain  that  Mr.  Wells  must  have  covered  a  considerable  area  m 
his  explorations  beyond  that  which  I  had  myself  seen  or  that  other 
collectors  had  visited,  and  as  the  work  of  determining  the  species  pro- 
seeded  I  was  more  and  more  impressed  with  the  importance  of  a  fresh 
survey  of  the  cycad  regions,  with  a  view  to  more  exact  correlation  of 
the  different  beds  with  each  other,  and  a  more  satisfactory  determina- 
tion of  the  stratigraphical  position  of  the  cycad  beds  in  general.  I  felt 
that  if  I  could  secure  the  guidance  of  Mr.  Wells  to  all  these  localities 
this  result  could  be  accomplished,  and  I  corresponded  with  him  upon 
this  subject.  He  expressed  a  willingness  to  accompany  me  to  all  the 
localities  at  any  time  that  I  might  designate. 

I  was  unable  to  bring  this  about  until  the  early  part  of  October,  1898, 
when,  by  previous  arrangement,  I  met  Mr.  Wells  at  Sturgis,  and  we 
devoted  eight  days  to  this  work,  with  very  satisfactory  results.  We 
first  visited  the  new  locality  between  two  and  three  miles  west  of 
Sturgis,  where  specimen  No.  1  of  the  Yale  collection  was  obtained  by 
Mr.  Wells.  He  had  found  it  on  a  low  spur  of  the  foothills,  which  had 
dropped  or  slipped  down  from  the  high  cliffs  to  the  westward,  and  was 
entirely  out  of  position.  A  second  imperfect  specimen  had  been  found 
by  him  near  the  same  spot,  and  still  lay  on  the  surface.  Mr.  Wells 
stated  that  he  had  explored  the  cliffs  from  which  these  materials  had 
fallen,  but  had  thus  far  been  unable  to  find  any  cycads  in  i)osition. 
We  then  proceeded  to  the  Blackhawk  region  and  went  over  all  the 
ground  covered  by  his  explorations,  and  later  to  the  Minnekahta  region, 
which  was  examined  in  the  same  way. 

The  more  special  results  of  this  expedition,  including  geological  sec- 
tions, will  be  given  under  the  Minnekahta  and  Blackhawk  regions, 
respectively,  but  some  of  the  general  conclusions  arrived  at  from  this 
examination,  which  was  much  more  thorough  than  any  that  I  had  pre- 
viously given  to  the  question,  may  properly  be  stated  here.  It  is  well 
known  that  these  Cretaceous  sandstones  form  the  foothills  surrounding 
the  Black  Hills,  and  that  they  present  more  or  less  of  an  escarpment 
facing  the  central  core  of  the  hills  and  separated  from  the  higher  and 
more  interior  uplift  by  a  broad  valley  occupied  by  the  Eed  Beds,  which 
surround  the  Hills.  As  a  matter  of  fact,  however,  the  lower  part  of 
the  escarpment  is  almost  always  occupied  by  beds  that  are  lower  than 
the  Cretaceous,  the  base  itself  consisting  of  a  greater  or  less  thickness 
of  the  Ked  Beds  themselves,  succeeded  by  the  whole  thickness  of  the 
Jurassic,  which  may  amount  to  150  feet.  Upon  this  lie  the  Cretaceous 
sandstones,  which,  should  they  be  all  represented,  would  form  a  cliff 
more  than  300  feet  higher,  sometimes  making  a  total  of  nearly  600  feet 
above  the  lowest  part  of  the  broad  encirling  valley. 
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At  oue  time,  of  course,  all  these  materials  extended  over  the  area  now 
occupied  by  this  valley  and  they  have  been  carried  away  by  the  general 
process  of  denudation.  This  process,  however,  was  somewhat  iieculiar 
in  consequence  of  the  large  amount  of  gypsum  contained  in  the  Eed 
Beds,  which,  as  soon  as  exposed,  rapidly  disappeared,  resulting  in  a 
systematic  undermining,  as  it  were,  of  the  clifis,  which  gave  way  along 
an  irregular  border  and  either  sank  or  slipped  down  so  as  to  occupy  at 
different  periods  positions  much  lower  than  that  from  which  they  came. 
The  further  influence  of  lateral  denudation,  forming  deep  canyons  in  the 
sides  of  the  external  wall,  resulted  in  the  final  formation  of  a  large  num- 
ber of  narrow  spurs  or  low  sloping  ridges,  often  containing  the  remains 
of  the  original  cliff's,  practically  unchanged,  after  having  sunk  down  to 
lower  positions  and  still  remaining  easily  identifiable  with  the  cliffs  from 
which  they  had  fallen.  The  present  position  of  these  cliff's,  therefore,  is 
no  indication  of  their  true  position,  and  although  this  can  usually  be 
determined  where  large  masses  have  held  together,  this  can  not  be  done 
in  case  of  loose  materials  that  cover  the  slopes.  Here  rocks  from  all 
positions  in  the  Cretaceous  series  lie  mingled  together  and  cover  the 
ground  to  considerable  depth,  occupying  horizons  topographically  much 
lower  than  the  base  of  the  Cretaceous.-  Sometimes  these  spurs  are 
reduced  to  small  mounds,  isolated  in  the  red  valley,  and  cycadean  trunks 
have  been  found  far  out  in  the  middle  of  the  valley  on  such  mounds  and 
ridges.  Being  of  a  character  much  more  durable  than  even  the  hardest 
of  the  sandstones,  they  remain  intact  wherever  they  may  happen  to  be, 
and  some  have  been  fourul  lying  on  top  of  the  Red  Beds  themselves,  all 
traces  of  their  original  matrix  having  disappeared. 

This  accounts  for  a  fact  that  had  long  puzzled  me,  viz,  the  occurrence 
on  many  of  the  cycad  trunks  of  a  coating  of  lime  or  calcareous  matter, 
often  turning  one  side  of  them  pure  white  and  being  very  firmly  cemented 
to  the  rock  and  difficult  to  remove.  This  had  led  some  to  suppose  that 
the  cycads  came  out  of  the  calcareous  limestone  of  the  Jurassic.  As  a 
matter  of  fact  it  proves  nothing,  since  the  greater  part  of  the  cycads 
that  have  thus  far  been  found  have  lain  in  a  position  many  feet  below  the 
base  of  the  Cretaceous,  often  upon  the  Jurassic  limestone,  but  usually 
associated  with  vast  quantities  of  sand  rock,  which  had  accompanied 
them  in  the  general  settling  down  of  the  strata  to  which  they  belonged. 

It  is  easy  to  see  from  all  this  how  very  difficult  it  is  to  determine 
tlie  true  position  of  the  cycad  beds,  especially  as  they  are  never  found 
adhering  in  a  natural  way  to  the  rock  in  which  they  were  originally 
embedded,  but  are  always  washed  out  and  found  lying  in  all  i)()sitions, 
indicative  of  more  or  less  transportation,  or  at  least  local  displace- 
ment. This  is  not  affected  by  the  fact  that  nearly  all  the  specimens 
that  Mr.  Wells  has  found  that  were  overlooked  by  other  collectors  were 
more  or  less  buried  in  the  giound,  only  small  ])arts  j)roic(iting  sulli- 
ciently  for  liim  to  re(;ogni/e  their  character.  The  materials  in  whi(;h 
they  were  buiied  were  as  heteiogeiieous  as  those  on  the  surface,  and  it 
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would  ofteu  require  many  feet  of  excavation  to  reach  the  original  bed 
upon  which  these  loose  materials  rested. 

There  are,  however,  a  few  facts  which  may  be  taken  as  constituting 
evidence  as  to  the  position  of  the  cycads. 

First,  a  few  specimens  have  been  found,  if  not  actually  in  place  or 
precisely  where  they  grew,  at  least  high  up  on  the  original  cliff,  and  it 
is  clear  that  their  position  must  have  been  at  least  as  high  as  that  in 
which  they  lay. 

Second,  the  cycads  and  the  fbssil  wood  are  almost  always  closely 
associated,  although  the  latter  is  much  more  abundant.  Both  being 
silicifled,  the  conditions  which  would  preserve  the  one  would  also  pre- 
serve the  other,  and  therefore  it  seems  i)robable  that  both  occur  at 
pretty  much  the  same  horizon.  There  are  a  few  cases  in  which  the  fos- 
sil wood  has  actually  been  found  in  place;  that  is,  as  erect  trunks  in 
position  and  prostrate  logs  projecting  from  the  original  cliffs.  The 
fossil  wood  is  not  found  at  all  horizons,  but  only  within  a  certain  limit 
of  elevation,  and  it  is  not  believed  that  the  cycads  have  a  wider  ver- 
tical range  than  the  wood. 

Third,  both  the  fossil  wood  and  the  cycads,  even  on  the  lowest  slopes 
at  which  they  occur,  and  however  far  below  their  original  position,  are 
usually  associated  with  a  certain  general  class  of  rocks  whose  character 
is  sufficiently  distinct  to  make  it  possible  to  ascertain  their  original 
position,  and  this  is  the  same  class  of  rocks  in  which  the  fossil  wood  is 
found  when  seen  in  place.  , 

All  three  of  these  classes  of  evidence  combine  and  harmonize  in 
fixing  the  position  of  the  cycad  bed,  which  is  always  the  next  impor- 
tant series  of  rocks  that  underlie  the  hard  quartzitic  sandstones  that 
occupy  the  uppermost  strata,  with  a  thickness  of  from  75  to  100  feet. 
The  cycad  and  fossil  wood  bed  consists  of  softer  sandstones  separated 
by  thin  beds  of  shale  and  is  not  usually  over  50  feet  in  thickness,  but 
may  possibly  be  75  or  100  feet  at  some  localities. 

It  may  be  as  well  to  mention  here  that  on  this  exi)edition  I  took  con- 
siderable pains  to  examine  the  relation  of  the  Cretaceous  to  the  Juras- 
sic, and  especially  to  the  upi)ermost  member  of  the  latter,  which 
contains  the  Atlantosaurus  beds."  I  visited  the  original  bed  from 
which  bones  were  first  taken,  at  the  foot  of  Piedmont  Butte,  and  was 
fortunate  in  finding  Mr.  George  E.  Wieland  engaged  in  taking  up  the 
bones  of  a  large  animal.  This  spot  is  1  mile  due  east  of  the  town  of 
Piedmont.  I  measured  the  bed  and  found  it  54  feet  in  thickness,  and 
the  particular  horizon  at  which  thebones  were  then  being  excavated,  and 
which  had  itself  a  thickness  of  about  6  feet,  was  about  40  feet  below 
the  top  of  the  Jurassic  or  base  of  the  Cretaceous.  It  is  a  dark  clay 
shale  and  at  this  point  rests  upon  heavy  beds  of  white  sandstone.  It  • 
was  impossible  to  decide,  either  here  or  at  any  other  point  I  examined, 
whether  there  is  unconformity  between  the  Cretaceous  and  the  Juras- 
sic. The  particular  bed  in  question  is  about  100  feet  above  the  bed  of 
Elk  Creek  and  has  an  elevation  above  sea  level  of  about  3,400  feet. 
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As  will  be  seen  later,  this  bed  is  therefore  about  300  feet  below  the 
cycad  horizon,  and  cycads  actually  occur  4  miles  southeast  of  that 
place. 

The  Atlautosaurus  beds,  as  thus  described,  are  exceedingly  character- 
istic of  the  Jurassic  of  the  Black  Hills.  In  my  first  paper  in  the  Journal 
of  Geology^  they  were  accurately  described  as  occupying  the  upper- 
most 50  feet  of  the  Jurassic,  although  at  that  time  I  had  no  idea  that 
these  constituted  the  Atlautosaurus  beds.  During  the  present  expe- 
dition I  examined  them  at  every  point  where  the  cycad  beds  were 
studied  and  never  failed  to  find  them,  with  almost  exactly  the  same 
character  and  nearly  the  same  thickness.  In  many  places  fossil  wood 
occurs  in  a  very  fine  state  of  preservation  near  the  summit  of  these 
beds  and  in  contact  with  the  Cretaceous,  while  lignite  is  the  form  taken 
by  the  wood  when  it  is  preserved  in  the  clay  shales  immediately  below. 
They  are  the  same  as  ^o.  5  of  Professor  Jenney's  section  of  the  Hay 
Creek  region,  the  Beulah  clays,  of  which  he  gives  a  full  account  in  his 
notes  published  in  this  paper  (infra,  pp.  508-593),  and  many  of  the  fea- 
tures which  I  have  here  mentioned  were  observed  and  recorded  by  him. 

When  all  the  facts  above  stated  are  taken  into  consideration  the 
difficulties  in  the  way  of  measuring  sections  in  this  region  become 
apparent.  It  is  obviously  impossible  to  reach  any  reliable  conclusions 
by  attempting  to  make  sections  of  the  fallen  and  disturbed  materials 
that  occupy  the  slopes  on  the  sides  toward  the  broad  valleys.  In 
most  cases  it  is  impossible  to  say  where  the  Bed  Beds  end  and  the 
Jurassic  begins  or  to  find  the  line  between  the  latter  and  the  Cretace- 
ous. In  order  to  measure  a  section  in  such  a  region  it  is  therefore 
necessary  to  find  a  slope  which  is  not  adjacent  to  a  broad  valley;  that 
is  to  say,  to  find  some  deep  canyon  a  cross  section  of  which  will  have 
the  form  of  the  letter  Y  and  upon  the  sides  of  which  there  has  been  no 
opi)ortunity  for  the  slow  undermining  of  the  cliffs  and  the  resultant 
covering  up  of  the  slopes  by  the  materials  that  have  come  down  from 
above,  but  in  which  there  has  been  a  rapid  and  natural  denudation,  at 
all  stages  of  which  the  materials  liberated  have  been  carried  away, 
leaving  the  surfaces  exposed.  Such  exposures  are  not  easy  to  find,  and 
often  are  not  deep  enough  to  embrace  the  entire  thickness  of  the  beds 
which  it  is  desirable  to  measure.  The  section  measured  by  I^rofessor 
Jenney  and  myself  in  1<S93,  on  the  sloi)e  of  Bed  Canyon,  was  an  unusu- 
ally favorable  one,  and  as  will  be  seen,  I  was  able  on  this  occasion,  in  a 
few  cases,  to  tind  other  suitable  ])laces  and  to  make  sections  illustrating 
each  of  the  general  regions. 

n.  riiK  MixxKKAiri  A  iifx^iox. 

As  it  was  this  region  wliicii  yielded  the  first  cycads,  through  which 
my  attention  was  drawn  to  the  general  subject,  it  seems  natural  to  treat 
it  first.  1  include  in  it  all  the. southern  portion  of  the  Black  Hills  which 
has  thus  far  yielded  any  fossil  plants,  and  this  is  cnibi  aced  in  a  rectan- 

'Jonr.  of  (M'ol.,  Vol.  11,  No.  .3,  Apiil  May,  1894,  p.  255  (ot.  No.  7  ol'  .st-ctioti  No.  I.) 
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gular  area  having  Edgemont  for  its  south  western  corner  and  extending 
eastward  to  the  Evans  quarry,  which  lies  near  the  middle  of  the  area 
north  and  south.  The  accomj)anying  map  of  this  region  (PI.  LIY), 
which  I  have  had  expressly  prepared,  embraces  townships  7  and  8  S., 
range  3-6  E.,  lying  wholly  in  Fall  River  County. 

It  nearly  all  lies  within  the  valley  of  the  Minnekahta  Eiver,  or,  as  it 
is  now  more  commonly  called,  Fall  River.  The  immediate  area  within 
which  the  first  cycads  were  found  is  very  near  the  divide  between  this 
stream  and  Red  Canyon,  while  the  actual  slope  on  which  the  most  of 
them  occurred  is  that  of  a  small  tributary  of  Chilson  Creek  which  falls 
into  the  Cheyenne  between  Edgemont  and  Cascade  Springs. 

When  I  visited  this  region  in  1893  for  the  purpose  of  determining  the 
exact  location  of  the  cycads  purchased  of  Mr.  Cole,  as  above  described 
(p.  542),  I  proceeded  directly  to  Hot  Springs  and  arrived  there  on  the 
5th  of  September.  Professor  Jenney  met  me  there  from  Deadwood,  by 
arrangement.  I  also  found  Mr.  Cole  and  arranged  with  him  to  accom- 
pany us  to  the  locality.  An  outfit  was  secured  and  the  6th  and  7th  were 
occupied  in  making  this  investigation.  The  locality  itself  was  on  or 
near  the  horse  ranch  of  Messrs.  Payne  and  Arnold,  and  we  secured 
the  services  of  Mr.  Payne,  Avho  was  perfectly  conversant  with  all  that 
region,  and  he  took  us  immediately  to  the  spot.  It  is  about  3  miles 
southwest  of  Minnekahta  Station  on  the  Burlington  and  Missouri  Rail- 
road, about  14  miles  west  of  the  bed  of  the  small  stream  above  men- 
tioned, on  the  foothills  formed  by  the  Cretaceous  sandstones.  We 
made  a  somewhat  extended  examination  of  the  country  round  about. 
A  mile  or  more  to  the  northwest  of  the  cycad  locality  we  found  the 
divide  between  that  stream  and  Red  Canyon.  Another  branch  of  the 
first-mentioned  stream  comes  into  it  from  the  west,  and  lies  to  the  south 
of  our  area,  which  is  therefore  on  a  southeast  slope  and  near  an  abrupt 
descent  into  a  canyon.  From  this  point  northwest  to  near  the  crest  of 
the  divide,  the  highest  i^oint  of  which  is  called  Matties  Peak  on  the 
township  i)lat  of  the  General  Land  Office,  the  slope  is  moderate  and 
nearly  uniform.  At  the  foot  of  this  crest  and  about  IJ  miles  north- 
west of  the  cycad  locality  occurs  an  extensive  fossil  forest.  The  wood 
is  all  comjiletely  silicified,  and  consists  of  prostrate  trunks  of  various 
sizes  and  lengths  and  an  abundance  of  smaller  fragments,  many  of 
which  are  scattered  about  on  the  sloping  plain  a  long  distance  below 
the  actual  horizon  at  which  they  were  petrified.  At  that  horizon  many 
still  remain,  apparently  undisturbed,  and  in  one  place  a  trunk  over  20 
centimeters  in  diameter  was  seen  projecting  several  feet  from  beneath 
the  massive  sandstone  ledge. 

To  the  south  of  Matties  Peak  is  a  saddle,  beyond  which  the  crest  of 
the  divide  is  lower,  and  here  the  forest  is  seen  to  the  best  advantage. 
The  most  prominent  object  is  a  silicified  log  over  75  centimeters  in  diam- 
eter and  25  meters  long,  lying  where  it  fell,  which  may  not  have  been  at 
a  very  remote  date.  It  had  broken  away  from  its  roots  at  the  surface  of 
the  ground,  leaving  portions  of  the  stump  still  exposed,  and  the  entire 
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root  could  probably  be  exbumed.  Over  the  area  of  oroiiiul  beyond  the 
present  trunk,  where  the  upper  limbs  and  branches  would  naturally  have 
been,  great  numbers  of  fragments  and  splinters  were  scattered,  clearly 
indicating  that  many  of  these  branches  must  have  remained  attached 
when  the  tree  fell. 

It  will  be  noted  that  all  this  is  within  the  drainage  of  the  Cheyenne 
Kiver,  and  therefore  it  corresponds  perfectly  with  the  location  of  the 
petrified  forest  described  by  Edgar  Allen  Poe,  as  quoted  above  (p.  529), 
viz,  ^'Xear  the  head  waters  of  the  Chayenne,  or  Chienne  River,  which 
has  its  source  in  the  Black  Hills  of  the  Rocky  chain."  Of  course  it  is 
possible  that  there  are  other  fossil  forests  that  would  answer  this 
description,  but  I  know  of  none,  and  the  chances  of  its  being  this  iden- 
tical spot  are  increased  by  the  necessity  that  it  should  occur  in  a  geo- 
logical formation  in  which  i)etritied  forests  are  to  be  looked  for.  It 
could  not,  therefore,  have  been  in  the  Red  Beds  below  nor  in  the  Fort 
Benton  above,  and  the  area  is  restricted  to  the  Lower  Cretaceous.  It 
is  therefore  scarcely  i^ossible  that  he  could  have  referred  to  any  other 
than  the  forest  under  consideration.  A  large  amount  of  silicified  wood 
also  occurs  at  the  cycad  locality  itself,  and  there  is  reason  to  suppose 
that  the  horizon  is  practically  the  same.  The  whole  of  this  region, 
including  the  entire  crest  of  the  divide  and  the  area  extending  to  the 
bottom  of  the  canyon  of  the  cycad  bed  and  far  to  the  southeast,  consists 
of  the  series  of  hard  sandstone  that  were  treated  in  the  Black  Hills 
report  as  constituting  the  Dakota  group. 

The  great  improbability  that  the  cycads  could  have  lived  in  Dakota 
time,  or  contemporaneously  with  the  flora  of  the  Dakota  group,  led  me 
to  suspect  that  these  beds  were  below  that  horizon,  and  I  resolved  not  to 
leave  the  field  until  all  the  evidence  on  this  point  that  was  attainable  had 
been  examined.  In  the  immediate  vicinity  of  the  fossil  forest  and  cycad 
bed  there  were  no  evidences  of  plant  remains  of  any  other  class.  The 
crest  above  the  fossil  forest  consists  of  hard,  chiefly  massive  sandstones, 
which  may  be  traced  far  around  the  Hills,  and  form  the  ui)per  part  of  the 
abrupt  escarpment  above  the  soft  Jurassic  and  the  Red  Beds.  On  the 
inner  face  of  this  escarpment  it  was  therefore  i)ossible  to  observe  a 
great  thickness  of  the  Cretaceous  in  a  limited  area;  and  passing  over 
this  crest  a  little  to  the  southwest  of  the  fossil  forest  we  entered  the 
first  lateral  canyon  which  leads  into  Red  Canyon  on  the  west,  so  named 
because  in  it  the  Ited  Beds  are  well  exposed.  The  escarpment  here  is 
more  or  less  overgrown  with  timber,  and  although  the  slope  is  \'ery 
steep  it  was  ])ossible  to  work  on  any  part  of  it.  From  the  summit  of 
Matties  Peak  to  the  bottom  of  the  valley  was,  by  careful  measurement, 
over  500  feet,  but  considerably  over  200  feet  of  this  was  occupied  by  the 
Jurassic,  distinctly  marked  off  from  the  Cretaceous,  while  at  the  very 
bottom  the  Red  Beds  were  reached.  Above  th(^  Jurassic  thf^re  were  about 
275  feet  of  Cretaceous  deposits,  and  on  ditferent  partsof  this  slope  good 
exposures  occurred,  sliowinir  considerable  variety.  It  was  in  these 
exi)Osures  that  the  search  for  Ibssil  plants  was  made,  and  in  one  of 
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them  it  was  successful.  This  occurred  60  to  75  feet  above  the  Jurassic, 
and  in  a  number  of  places  imperfect  plant  remains  were  found,  chiefly 
in  a  soft  pink  and  gray  sandstone. 

Matties  Peak  rises  some  75  feet  above  the  fossil-forest  horizon,  and 
the  plant  bed  now  under  consideration  is  about  125  feet  below  that  of 
the  fossil  forest.  The  plants  occurred  partly  in  shales  and  partly  in 
hard  sandstone.  They  consist  chiefly  of  ferns,  and  have  a  facies  totally 
diflerent  from  that  of  the  well-known  flora  of  the  Dakota  group.  They 
are  all  carefully  described  and  figured  below,  and  their  affinities  would 
of  themselves  be  sufficient  to  make  the  Lower  Cretaceous  age  of  the 
bed  that  yielded  them  altogether  certain,  and  it  was  upon  these  more 
than  upon  the  cycads  or  fossil  wood  that  I  rested  the  case  in  the  article 
above  quoted. 

The  following  is  the  section  measured  at  this  place,  with  a  brief 
description  of  each  bed,  giving  its  thickness  in  feet.  The  diagram 
which  follows  will  serve  to  make  the  matter  still  clearer. 

SECTION  OF  MATTIES  PEAK. 

Dakota  of  Xewton,  275  feet. 

Feet. 


13.  Massive  pinkish  sandstone  approaching  a  quartzite  locally   75 

12.  Grayish  white  sandstone  with  silicified  wood  and  cycads   30 

11.  Pinkish  and  yellowish  soft  sandstone   75 

10.  Clays  with  indications  of  coal   20 

9.  Soft  pink  and  gray  sandstone  with  ferns  and  other  plants   25 

8.  Reddish,  pinkish,  and  yellowish  hrown  massive  cross-bedded  sandstone  50 

Jurassic,  220  feet. 

7.  Olive  gray  clay  and  sandstone  shales,  including  the  Atlantosaurus  beds   50 

6.  Light  red  soft  sandstone   60 

5.  OliA'e  gray  clays  and  gray  sandstone  shales   40 

4.  Olive  drab  clay   20 

3.  Yellow  sandstone  shales  ^   20 

2.  Olive  drab  clay   30 

Red  Beds  {Trias). 

1.  Eed  marls,  conformably  exposed  at  bottom  of  canyon   20 

This  section  may  be  represetited  diagrammatically  as  follows: 


Fig.  119.— Section  across  the  divide  between  Red  Canyon  and  Chilson  Creek.  1,  Eed  Beds ;  2-7,  Juras- 
sic, 9,  Plant  bed;  12,  A,  Cycad  bed;  B,  Fossil  forest ;  13,  Equivalent  of  Quarry  sandstone  in  section 
at  Evans  quarry  (see  infra,  p.  560). 
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As  already  stated,  this  region  lies  very  near  the  divide  between  the 
Minuekahta  Valley  and  the  Eed  Canyon,  but  is  really  qu  the  slope  of 
Ohilson  Creek,  which  makes  down  into  the  Cheyenne  River  a  long  way 
to  the  east.  At  the  time  I  visited  this  place  in  1893  I  was  under  the 
impression  that  the  valley  to  the  east  of  the  cycad  beds  drained  north- 
ward into  the  Minnekahta  Valley,  and  so  stated  in  my  article.  But 
this  is  a  mistake,  for  it  is  not  until  we  reach  the  Minnekahta  station,  at 
the  junction  of  the  two  railroads,  that  we  find  the  beginning  of  the 
Minnekahta  drainage.  A  number  of  small  streams  from  the  west, 
north,  and  south  unite  a  little  way  to  the  eastward  and  form  the  Min- 
nekahta or  Fall  River,  whose  course  is  nearly  eastward  to  near  Hot 
Springs,  a  distance  of  about  15  miles.  It  flows  chiefly  over  the  Red 
Beds,  and  the  Cretaceous  escarpment  lies  to  the  south,  forming  a  con- 
spicuous east-and-west  ridge,  with  a  high  point  at  its  western  end 
known  as  Parkers  Peak. 

On  my  visit  to  this  region  in  October,  1898,  in  company  with  Mr. 
Wells,  I  went  carefully  over  all  the  ground  on  which  he  had  obtained 
his  specimens.  They  all  came  from  a  region  surrounding  the  original 
spot  which  I  examined  in  189o,  and  from  which  so  many  of  the  earlier 
specimens  had  been  obtained,  but  ]VIr.  Wells  found  that  there  was  an 
area,  irregular  in  outline  and  more  than  a  half  mile  square,  over  which 
cycads  were  strewn,  though  by  no  means  evenly,  as  they  occurred  in 
groups  at  difl'erent  points^  more  or  less  separated  from  one  another. 
This  area  is  all  within  what  is  called  Bradleys  Fiat  and  occupies  most 
of  the  eastern  i^ortion  of  it.  There  are  three  spur  ridges  running  out 
in  a  southeasterly  direction  from  the  main  axis,  parallel  to  the  line  of 
ray  section.  The  central  one  is  that  on  which  the  original  cycad  bed 
is  situated,  and  cycads  were  found  over  nearly  the  whole  surface  of  this 
ridge,  but  chiefly  on  its  southwestern  slope,  a  larger  number  having 
been  obtained  from  above  the  original  locality  than  anywhere  else. 
The  most  southwesterly  ridge  yielded  cycads  only  on  its  northeastern 
slope,  i.  e.,  facing  the  principal  localities  of  the  central  ridge.  On  the 
most  northeasterly  ridge  cycads  were  more  rare,  but  were  sparingly 
distributed  over  the  whole  of  its  lower  portion,  and  it  was  on  this  ridge 
that  they  extended  farthest  up  the  slope  to  the  northwest,  i.  e.,  in  the 
direction  of  the  main  axis. 

It  was  evident  from  a  careful  examination  of  these  ridges,  especially 
along  the  slopes  of  the  deep  ravines  that  separate  them,  that  this 
whole  area  must  be  regarded  as  out  of  i)lace  geologically  and  as  occu- 
pying its  present  low  position  by  reason  of  having  settled  down  in  the 
general  process  of  denudation.  The  disturbance,  however,  was  not  so 
great  as  in  most  cases  of  tlie  kind,  and  many  of  the  rocks  seem  still  to 
remain  adhering  together  in  a  broad  sheet,  with  occasional  ledges  in 
wliicli  relatively  they  have  never  been  disturbed,  and  even  outcrops  of 
the  liard  (juai  tzitic  masses  belonging  at  the  toj)  of  the  highest  ridges 
were  found  normally  overlying  the  softer  sandstones  in  the  same  rela- 
tive position  in  which  they  may  be  seen  on  the  crest  of  the  divide  1.;^ 
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miles  farther  to  the  northwest.  In  the  diagrammatic  section,  ¥ig.  119, 
the  dip  is  purposely  exaggerated  to  represent  this  late  tilting  of  the 
strata. 

I  had  long  been  aware  that  fossil  cycads  had  been  found  on  the  south 
side  of  the  broad  valley  to  the  southeast  of  Minnekahta  station.  A 
specimen  which  I  saw  in  a  -pUe  of  stones  at  the  station  was  said  to 
have  come  from  this  region,  and  I  was  told  that  others  had  been  found 
there.  Mr.  Wells,  learning  these  facts,  had  explored  the  country  in 
that  direction  and  had  obtained  a  considerable  number  of  specimens, 
one  of  which  is  ^o.  5  of  the  Yale  collection,  which  differs  from  all 
others  in  being  completely  turned  to  white  Hint  (see  infra,  p.  603).  The 
various  localities  at  which  Mr.  Wells  secured  the  specimens  were 
visited  by  me,  in  company  with  him,  and  iDroved  to  be  of  exceptional 
interest  from  a  geological  point  of  view.  The  south  side  of  the  general 
Eed  Bed  valley,  extending  a  distance  of  6  or  8  miles  from  Parkers 
Peak  eastward,  consists  of  a  series  of  high  hills,  separated  by  deep 
ravines,  opening  into  the  valley  from  the  south.  Toward  the  western 
end  of  this  series  these  canyons  have  a  more  and  more  northwesterly 
course,  the  last  one  opening  out  at  the  north  end  of  Parkers  Peak, 
which  is  nearly  100  feet  higher  than  the  rest  and  is  crowned  by  the 
quartzitic  rocks  that  overlie  the  softer  sandstones.  'No  cycads  have 
been  found,  to  my  knowledge,  on  or  around  Parkers  Peak,  but  at  the 
foot  of  several  of  the  high  ridges  to  the  east  of  it  they  occur  and  the 
localities  were  carefully  examined  by  me.  The  greater  number  of  the 
cycads  of  this  region,  however,  were  not  found  near  the  base  of  these 
high  ridges  but  at  a  considerable  distance  to  the  north  of  them,  either 
on  very  low  ridges  extending  out  into  the  i^lain,  or  on  isolated  knolls 
that  occur  at  intervals  over  a  considerable  part  of  the  broad  valley 
itself.  These  knolls  consist  of  the  same  soft  sandstones  that  belong  at 
the  top  of  the  highest  hills  on  the  south,  and  are  merely  remnants 
of  the  materials  that  were  carried  away  by  the  process  of  denudation 
when  the  valley  was  excavated.  They  are  all,  therefore,  entirely  out 
of  place  and  their  position  can  only  be  judged  by  the  nature  of  the 
rocks  with  which  they  are  associated.  In  fact,  it  was  here  that  a  con- 
siderable number  of  specimens  were  found  embedded  in  the  red  soil  at 
the  bottom  of  the  valley,  in  the  general  vicinity  of  which  there  were 
scarcely  any  remains  of  the  sand  rock.  Others  were  deeply  entombed 
in  the  pure  white  sand  of  the  Jurassic,  and  still  others  lay  upon  the 
white  calcareous  shell  rock  of  that  formation  and  were  incrusted  with 
a  coating  of  lime. 

It  seems  probable  that  these  heavy  cycad  trunks  may  not  have  been 
transx^orted  any  great  distance,  and  the  theory  that  they  have  rolled 
down  the  slopes  of  the  adjacent  hills,  at  least  within  any  recent  period, 
is  completely  disproved  by  the  great  distances  at  which  they  occur 
from  the  foot  of  the  hills,  often  with  lateral  ridges  between.  In  all 
probability  their  original  position  was  not  far  from  vertically  over  their 
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present  one.  It  is  certain  that  they  belonged  to  the  southern  range  of 
hills,  because  they  occur  much  nearer  to  the  south  than  to  the  north 
side  of  the  valley.  It  must  therefore  be  supposed  that  the  hills  and 
cliffs  along  the  south  side  formerly  extended  over  the  spot  where  the 
cycads  now  occur,  and  as  some  of  them  were  found  quite  close  to  the 
foot  of  these  hills  this  whole  region  may  be  regarded  as  a  cycad- 
bearing  area.  This  area  occupies  a  position  to  the  east  and  southeast 
of  Minnekahta,  distant  from  1  to  3  miles  from  the  station,  and  covers  a 
space  of  nearly  two  miles  square. 

The  second  of  the  high  spurs  to  the  east  of  Parkers  Peak  seems  to 
have  furnished  the  larger  number  of  specimens,  and  they  were  found 
on  three  sides  of  this  hill  around  its  base.  I  was  therefore  specially 
desirous  of  making  a  section  of  this  hill,  but  owing  to  the  difficulties 
which  I  have  already  explained  (supra,  p.  549),  it  was  impossible  to  tind 
any  point  on  the  north  or  northwest  sides  at  which  this  could  be  done. 
It  was  clear  that  the  Red  Beds  occupied  the  lower  part  and  that  the 
whole  of  the  Jurassic  was  to  be  found  on  the  slope,  but  the  sandstones 
from  above  so  deeply  covered  the  flanks  of  the  ridges  that  the  relative 
thickness  of  these  beds  could  not  be  determined.  Fortunately,  how- 
ever, a  deep  gorge  had  been  cut  into  the  side  of  this  projecting  ridge, 
having  a  southwesterly  course  and  opening  out  into  the  canyon  between 
this  and  the  next  one  on  the  west.  This  gorge  furnished  much  better 
conditions  for  the  measurement  of  a  section,  and  this  was  accomplished 
with  considerable  success.  The  hard  quartzitic  sandstone  which  forms 
the  highest  bed  is  not  present  on  these  ridges  and  the  softer  sandstones 
extend  entirely  to  the  summit.    The  following  is  the  section : 

SECTION  OF  SPUR  EAST  OF  PARKERS  PEAK. 

Cretaceous,  208  feet. 

Feet. 

7.  Rounded  summit  and  slopes  at  top  of  ridge,  consisting  chietly  of  soft  yel- 
lowish or  reddish  sandstones  and  thinner  sandstone  and  clay  shales,  with 


abundance  of  fossil  wood.  This  is  probably  the  source  of  the  cycads  also. 88 

6.  Nearly  vertical  ledge  of  light-colored  sandstones   48 

5.  Slope,  mostly  covered,  consisting  of  coarse  sandstones  and  clay  beds   72 

Jurassic,  ISO  feet. 

4.  Olive-gray  clay  and  sandstone  shales,  including  the  Atlantosaurus  beds   HO 

3.  White  sandstone  ledge   10 

2.  Yellow  sandstone   20 

1.  Light-colored  rocks,  much  obscured,  probably  limestones   40 

Red  Beds  to  bottom  of  canyon   50 


Total   :m 


Parkers  i*eiik  is  the  only  one  ol'  tliis  range  of  hills  whi('h  retains  the 
caj)  of  (|uartziti(5  sandstones,  and  it  accordingly  rises  about  100  feet 
abov(*  the  suniiiiits  of  the  several  more  eastern  ridges.  Its  top  forms 
a  sort  of  mesa  or  elongated  table  witii  a  north  and  soutli  trend,  and  its 
western  fa<;e  rist's  diiectly  aboN  «•  tin*  xMircrs  (d"  Ciiilson  (Ji-crk  jind  is 
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nearly  in  line  between  the  very  similar  ridge  called  Matties  Peak  4 
miles  to  the  westward,  which  forms  the  divide  between  this  valley  and 
Eed  Canyon,  and  which  was  the  subject  of  my  first  section.  The  great 
cycad  beds  of  the  Minnekahta  region  lie  between  these  two  high  points, 
and  I  therefore  thought  it  very  desirable  to  obtain  a  section  of  Parkers 
Peak.  This  was  attended  with  mauy  difficulties  and  the  section  is  uot 
as  satisfactory  as  could  be  desired,  but  is  as  nearly  accurate  as  it  was 
possible  to  make  it. 

SECTION  OF  PARKERS  PEAK. 

Cretaceous,  310  feet. 

Teet. 


8.  Hard  sandstone  ledge,  partially  quartzitic   100 

7.  Steep  slope,  mostly  covered,  but  consisting  of  soft  sandstones  corresponding 

to  and  probably  constituting  the  fossil  wood  and  cycad  bed   75 

6.  Vertical  cliff  of  soft  pinkish  and  white  sandstones   60 

5.  Slope,  mostly  covered,  of  alternating  sandstones  and  clay  shales   75 

Jurassic,  135  feet. 

4.  Olive-gray  clay  and  sandstone  shales,  including  the  Atlantosaurus  beds  ...  60 

3.  Other  Jurassic  beds,  mostly  obscured   75 

lied  beds  exposed,  100  feet. 

2.  Grass-grown  slope  with  occasional  red  patches  indicating  Red  Beds   50 

1.  Red  beds  in  the  valley  to  bottom  of  Chilson  Creek   50 

Total  height  of  Parkers  Peak  to  bed  of  Chilson  Creek   545 


Some  10  miles  east  of  Minnekahta  station  the  broad  Eed  Bed  valley 
gradually  closes  in  to  form  a  canyon  narrowing  eastward,  through  which 
the  small  stream  known  as  Hot  Brook,  having  its  source  in  numerous 
thermal  springs,  passes.  This  at  length  unites  with  several  other 
branches  and  forms  what  is  there  known  as  Fall  Eiver,  on  which  the 
town  of  Hot  Springs  is  located.  Here  the  course  of  the  drainage  bends 
southward  and  breaks  through  the  high  ridge  on  the  south,  forming  a 
"gap"  through  the  foothills  nearly  parallel  to  Buffalo  Gap,  15  miles 
northeast  of  that  point.  Its  course  is  here  southeast,  and  where  it 
enters  the  hills  and  forms  a  deep  canyon  it  affords  an  excellent  section 
through  the  Cretaceous  sandstones,  with  a  length  of  some  4  miles,  to 
where  it  enters  the  Fort  Benton  clays  and  ultimately  emerges  upon  the 
plain  and  joins  the  Cheyenne  River. 

The  electric-light  i)lant  for  the  town  of  Hot  Springs,  some  5  miles 
distant  froui  it,  marks  the  termination  of  the  Dakota  strata,  and  Evans 
quarry,  which  is  just  above  this  point  on  the  left  bank  of  the  stream, 
yields  very  line  building  stone  from  a  massive  stratum  nearly  60  feet 
thick,  containing  no  organic  remains.  But  immediately  over  this 
building- stone  stratum  occur  shales  and  sandstones  in  which  dicotyled- 
onous leaves  had  previously  been  found  by  Professor  Jenney.  It  was 
in  consequence  of  this  that  he  had  assumed  that  the  cycads  were  from 
the  true  Dakota  group  yielding  dicotyledonous  leaves.  But  it  soon 
be(?ame  apparent,  on  visiting  the  region,  that  this  was  not  the  case  and 
that  the  equivalent  of  the  cycad  bed  was  some  distance  below  the  quarry 
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saudstone,  which  is  virtually  the  eqiiivaleut  of  the  massive  sandstone 
forming  the  crest  above  the  fossil  forests. 

We  made  a  careful  measurement  of  this  section  and  it  was  published 
in  my  article.  In  my  second  visit,  in  1895,  I  could  tind  no  reason  for 
any  essential  modifications  in  that  section,  and  I  therefore  reproduce  it 
here  without  change.  The  quarry  sandstone  dips  very  rai)idly  to  the 
southeast,  so  as  to  come  down  to  the  bed  of  the  stream  at  the  electric- 
light  plant  and  to  constitute  the  rock  over  which  a  fine  cataract  tlows 
at  this  point  and  through  which  the  water  has  worn  deep  longitudinal 
grooves.  Immediately  over  these  rocks  there  is  a  bed,  some  6  or  8  feet 
in  thickness,  of  dark  clay  and  argillaceous  sandstone  shales,  with  car 
bouaceous  matter  and  some  impure  coal.  In  this  bed  was  found  a  great 
abundance  of  more  or  less  conmiinuted  vegetable  matter,  with  short 
fragments  of  culms  of  reed-like  phmts,  which  it  lias  not  been  possible  to 
determine.  There  also  occur,  in  certain  of  the  shales,  a  few  tolerably 
well-preserved  dicotyledonous  leaves,  some  of  which  have  been  deter- 
mined, and  were  sufficient  to  prove  beyond  a  reasonable  doubt  that  this 
stratum  belongs  to  the  true  Dakota  group.  A  small  collection  was 
made  near  the  cataract  over  the  hard  sandstone  on  the  right  bank  of 
the  stream,  above  the  electric-light  plant. 

This  bed  was  easily  followed  to  the  quarry,  where  it  constitutes  the 
overlying  mass  which  it  is  necessary  to  remove  in  order  to  uncover  the 
workable  sandstone  below.  At  this  point  the  bed  also  contains  layers 
of  soft  white  sandstone  of  considerable  thickness.  Large  blocks  of  this 
had  been  thrown  down  and  lay  strewn  at  the  foot  of  the  quarry.  On 
the  surfaces  of  these,  and  more  or  less  scattered  through  their  mass, 
were  impressions  of  dicotyledonous  leaves  of  Dakota  tyi^es.  The  shales 
were  also  found  in  i^lace  above  the  quarry,  and  some  of  these  yielded 
very  good  specimens.  No  fossil  plants  were  found  in  any  bed  below 
this  layer.  For  a  long  distance  on  both  sides  of  the  canyon  the  quarry 
sandstone  forms  the  crest  of  the  ridge,  constituting  a  more  or  less  abrupt 
escarpment  of  from  25  to  75  feet. 

Higher  up  tlie  stream  the  l)eds  below  the  quarry  sandstone  come 
into  view,  consisting  of  softer  sandstones,  argillaceous  shales,  and  car- 
bonaceous layers,  with  impure  coal  seams,  all  highly  charged  with 
gypsum.  These  finally  come  down  to  the  bed  of  the  stream  and  are 
ultimately  seen  resting  upon  the  Jurassic  clays,  which  in  turn  overlie 
the  Ked  Beds.  Some  distance  below  Hot  Springs  the  Cretaceous  can 
be  seen  at  the  summit  of  the  cliffs  with  the  whole  thickness  of  the 
Jurassic  lielow  tliem  and  the  Had  Beds  at  the  base.  These  lattei',  at 
and  about  Hot  Springs,  are  overlain  by  heav^y  beds  of  cnii  iilojuci  ate, 
l)robably  of  Pleistocene  age. 

The  following  is  the  section  as  measured  below  Hot  Springs: 

SECTION  AT  KVANS  (/UAitKV. 
Fort  I  lent  on. 

11.  Grayish  l»la(  k  clays  with  lay«*rM  of  ferriif^inoii.s  coucretioiis,  exteudiiiy  to  the 
suiith  fork  ot  tlie  Cliev»'nnc  kiv<*r — coutact  conformable. 
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Dakota  of  Newton.  S39  feet. 

Feet. 


10.  Pink  sandstone,  mostly  thin-bedded,  with  ripple  marks  and  fucoid-like 

impressions  -  -   30 

9.  Soft  Llack  shales,  with  traces  of  carbonized  plant  remains  and  some  frag- 
ments of  fossil  wood   15 

8.  Pink  and  gray  sandstone   30 

7.  Clay  shales  and  sandstones,  the  latter  sometimes  white,  all  plant  bearing, 
much  comminuted  vegetable  matter,  matted  beds  of  swamji  plants,  and 

well-preserved  dicotyledonous  leaves  of  Dakota  types,  determinable   10 

6.  Black  clay  full  of  carbonaceous  matter,  with  locally  6  inches  of  impure 

coal   4 

5,  Quarry  sandstone,  massive,  light  pink,  soft,  weathering  iron-brown   60 

4.  Soft  yellowish  and  reddish  sandstones   100 

3.  Drab-colored  clays  with  carbonized  vegetable  matter  and  gypsum  crystals, 

interbedded  with  yellow  sandstones   30 

2.  Soft  yellow  and  reddish  sandstones  with  some  clay  layers   60 


Jurassic. 

1.  Olive-gray,  drab,  or  bluish  clays  with  reddish  and  yellowish  sandstones,  to 
base. 


This  sectiou  may  be  represented  diagraiuinatically  as  foliows: 


Fig.  120. — Section  through  Minnekahta  Canyon.  1,  Jurassic;  3,  Equivalent  of  plant  bed  in  section 
l^o.  1;  4,  (Upper  portion)  Equivalent  of  cycad  bed  in  section  of  Matties  Peak;  5,  Quarry  sand- 
stone; 7,  Dakota  leaf  bed;  11,  Fort  Benton. 


It  will  be  seeu  by  a  comparison  of  these  sections  that  they  are  in 
substantial  agreement,  although  no  effort  was  made  to  make  them  so. 
The  upper  member,  ^o.  13,  in  the  section  of  Matties  Peak  (supra,  p. 
554)  probably  represents  the  quarry  sandstone  of  this  section,  which 
was  considerably  thicker  at  that  point,  15  feet  more  being  found,  exclu- 
sive of  erosion;  but  these  rocks  w'ere  often  much  harder,  and  no  quartz- 
itic  rocks  were  seen  in  the  quarry.  On  account*of  the  debris  thrown 
down  from  the  quarry  and  other  obstructions,  it  was  not  possible  to 
examine  the  next  member  below  with  as  much  care  as  was  desirable  in 
view  of  the  fact  that  it  seems  to  be  the  equivalent  of  the  cycad  and 
fossil-forest  horizon;  i.  e.,  l^o.  12  of  that  section  corresponds  to  the 
upper  30  feet  of  No.  4  of  the  present  one. 

III.    THE  BliACKHAWK  REGION. 

In  a  letter  which  I  received  from  Professor  Jenney,  dated  August 
28,  1893,  he  gave  me  the  first  intimation  that  cycadean  trunks  had  been 
found  in  other  parts  of  the  Black  Hills  than  the  Minnekahta  region. 
In  that  letter  he  says  : 

I  learned  from  Professor  Carpenter,  formerly  of  the  School  of  Mines  at  Rapid  City, 
that  there  is  a  fine  cycad  in  the  collection  of  that  institution.    tW  specimen  was 
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found  lying  on  the  surface  near  Piedmont,  South  Dakota,  a  small  station  on  the 
Fremont  and  Elkhorn  Railroad,  some  18  miles  north  of  Rapid  City  and  nearly  50 
miles  northeast  of  Hot  Springs.  Professor  Carpenter  tells  me  that  this  cycad  may 
have  been  derived  from  either  the  Jurassic  or  Dakota.  Near  by  are  the  "Atlanto- 
saurus"  beds  in  the  Jurassic,  from  which  Prof.  O.  C.  Marsh  obtained  many  bones  of  a 
new  species  of  ''Atlantosaurus."  Fossil  bones,  Professor  Carpenter  (who  iirst  dis- 
covered these  fossils)  tells  me,  are  very  abundant  in  the  Piedmont  locality.  It 
would  appear  that  the  cycad-bearing  beds,  whatever  age  they  may  be,  encircle  the 
Black  Hills,  so  it  is  probable  that  other  specimens  may  be  found. 

Being  much  interested  in  this  statement,  I  wrote  him  at  once  with 
regard  to  it,  and  his  next  letter,  dated  September  22,  1893,  contained 
the  following  additional  information : 

I  find  that  the  two  specimens  of  cycads  at  the  School  of  Mines  are  in  all  probability 
of  a  ditleient  sitecies  from  those  found  at  Hot  Springs.  The  specimens  may  belong  to 
one  individual.  One  is  the  dome-shaped  termination  of  a  trunk  about  15  inches  in 
diameter;  the  other  appears  to  be  a  fragment  of  the  trunk.  Compared  with  the  Hot 
Springs  variety,  the  trunk  of  this  is  taller,  more  cylindrical,  and  the  markings  of  the 
leafstalks  rudely  pentagonal,  seven-eighths  to  1  inch  in  diameter,  sometimes  irregu- 
larly four-sided,  not  rhombic  like  those  we  found.  I  can  not  learn  the  exact  horizon 
at  which  these  cycads  were  found.  Some  person  brought  them  to  Rapid  City,  where 
for  months  they  remained  in  a  vacant  lot  until  noticed  by  the  dean,  who  removed 
them  to  the  School  of  Mines.  So  it  is  not  at  all  certain  that  they  were  originally 
derived  from  the  same  or  equivalent  beds  as  those  yielding  cycads  at  Hot  Springs. 

In  a  third  communication,  dated  October  8, 1893,  on  the  same  subject, 
after  having  examined  the  specimens  at  the  School  of  Mines  and  made 
outline  sketches  of  their  general  form  and  also  of  the  form  and  size  of 
the  leaf  scars,  which  he  kindly  inclosed  to  me.  Professor  Jenney  further 
states  : 

Now  about  the  cycad  specimens  at  the  School  of  Mines.  After  some  detective  work 
I  have  learned  that  the  man  who  found  them  is  now  living  in  Florida.  I  have  written 
him  to  ascertain  the  exact  locality.  I  hope  in  a  few  weeks  to  have  a  camera  and  will 
then  photograph  the  specimens.  I  inclose  a  rude  outline  sketch  with  measurements 
of  these  specimens  at  the  School  that  will  show  you  the  shape;  also  a  sketch  showing 
the  variations  in  shape  in  the  leafstalk  cells.  These  specimens  differ  from  the  Hot 
Springs  species  in  having  a  more  cylindrical  and  much  taller  trunk,  free  fron  excres- 
cences or  branches,  and  in  the  shape  and  arrangement  of  the  leafstalks,  which  are 
in  the  School  specimens  imperfectly  trigonal,  quadrilateral,  or  pentagonal,  and 
frequently  strongly  Avinged  on  two  opposite  angles.  The  arrangement  of  the  leaf- 
stalk pits  on  tli<;  trunk  is  not  so  symmetrical  in  the  concentric  spiral  lines  as  exhib- 
ited in  the  Hot  Springs  species.  The  leafstalks  in  the  School  specimens  can  be  seen 
passing  entirely  through  the  outer  bark  of  the  cycad,  a  distance  of  5  to  6  inches, 
terminating  at  the  pith-like  core.  It  wouhl  be  possible  to  break  them  out  in  pris- 
matic ])ieces  of  (lint,  the  exact  cast  (  f )  of  the  original  leafstalk. 

Still  later,  Octoljci-  21,  he  adds: 

I  hav(!  continued  my  detective  work  on  tlie  cycad  specimens  at  th<'  School  of  Mines 
and  have  at  Jast  tra(;ed  them  back  to  th<!  man  that  found  them,  now  at  Keiika, 
Florida.  In  1877  Mr.  .1.  M.  Leedy,  of  Rapid  City,  found  the  cycads  in  the  foothills 
some  fJ  or  S  miles  north  of  K';ipi(I  City.  They  remained  at  Ins  raiicli  for  a  long  tiiim 
and  wen;  taken  to  Rapid  City  foi' exhil)ition  at  a  fair  held  in  Liberty  Hall;  were  not 
returned,  but  at  the  concliisictn  of  the  f;iir  were  thrown  out  in  a  \  acant  lot  nc;ir  the 
hall,  remaining  there  several  years  until  removed  to  the  School  of  Mines.  Mr. 
19  GEOL,  PT  2  3f> 
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Leedy  states  that  he  foand  the  specimens  north  of  Box  Elder  Creek,  on  the  divide 
between  that  stream  and  Elk  Creek,  and  east  of  the  railway  (Fremont  and  Elk- 
horn)^  so  they  would  he  much  nearer  Rapid  City  than  Piedmont.  I  will  visit  the 
locality  soon  and  tr^^  to  find  more  specimens  at  the  same  horizon. 

Some  negotiations  were  entered  into  for  the  loan  of  the  specimens  to 
the  United  States  National  Museum,  but  Professor  Jenney's  connection 
with  the  State  School  of  Mines  terminated  about  that  time,  and  as  I 
intended  to  visit  the  Hills  again  I  did  not  press  the  matter  further  then. 

As  already  stated  (supra,  p.  545),  I  stopped  at  Eapid  City  in  the 
summer  of  1895,  when  on  my  way  to  Oregon,  Montana,  and  California, 
arrriving  there  August  19.  I  i)roceeded  on  the  same  day  to  the  State 
School  of  Mines  in  company  with  Professor  Jenney,  and  through  the 
kindness  of  Dr.V.  T.  M'Gillycuddy,  j)resident  of  the  State  School  of 
Mines,  I  was  permitted  to  examine  the  specimens  about  which  so  much 
had  been  said.  In  the  meantime  I  had  described  the  species^  and 
named  it  Gycadeoidca  Jenney  ana  for  Professor  Jenney,  my  description 
being  based  on  his  notes.  President  M'Gillycuddy  very  generously 
consented  to  the  loan  of  the  specimens  to  the  United  States  National 
Museum,  and  arrangements  were  made  for  their  shipment  to  Washing- 
ton, where  they  arrived  in  due  course  of  events  and  were  here  on  my 
return  from  Cahfornia  in  the  fall.  They  are  thoroughly  described  and 
illustrated  below  (pp.  G27,  628,  Pis.  GXXI-OXXV). 

The  problem  was  to  ascertain  the  exact  locality  from  which  these 
specimens  had  been  taken,  and  we  siient  the  rest  of  the  day  in  making 
careful  inquiries  of  the  citizens  of  Rapid  City  and  of  all  persons  in  that 
vicinity  who  were  in  x)ossession  of  any  information  on  the  subject.  We 
succeeded  at  length  in  finding  Mr.  Gilbert  Getchell,  a  citizen  of  Rapid 
City,  who,  although  he  does  not  seem  to  have  first  found  the  specimens, 
stated  that  he  accompanied  Mr.  Leedy  at  the  time  that  the  specimens 
were  brought  in,  visited  the  spot  with  him,  and  assisted  him  in  loading 
them  into  the  wagon.  He  offered  to  accompauy  us  as  our  guide  and 
felt  sure  that  he  could  show  us  the  exact  spot.  On  the  next  day  a 
party  consisting  of  Professor  and  Mrs.  Jenney,  Mr.  Getchell,  and  myself 
proceeded  to  Blackhawk,  a  station  on  the  Fremont  and  Elkhorn  Rail- 
road, 7  miles  northwest  of  Rapid  City,  and  there  obtained  a  conveyance 
in  which  our  i)arty  visited  Black's  ranch,  about  2  miles  nearly  due  north 
of  the  station.  It  was  less  than  half  a  mile  north  of  the  house  on 
Black's  ranch  where  the  cycads  lay  when  Mr.  Getchell  first  saw  them. 
Not  only  this  sx)ot  but  the  whole  region  to  the  north  and  northeast  was 
thoroughly  explored.  No  cycads  were  found,  every  fragment  having 
been  carefully  gleaned  by  other  parties,  as  explained  above,  but  an 
abundance  of  silicified  wood  occurred  at  nearly  all  points  and  even  at 
the  place  where  the  cycads  were. 

The  locality  is  on  the  left  bank  of  a  ravine  which  has  a  southward 
course  and  runs  past  the  ranch  house.    It  is  a  little  level  opening 
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below  a  wooded  hill.  On  the  hillside,  immediately  above,  fossil  wood 
was  more  abundant  than  at  any  other  point.  The  rocks  consist  of 
brown  sandstones  similar  in  all  essential  respects  to  those  of  the  cycad 
locality  in  the  Minnekahta  region.  The  level  area  on  which  the  cycads 
lay  is  far  below  the  top  of  the  Jurassic,  and  the  sandstones  have  all 
settled  down  through  erosion  of  the  looser  materials  from  a  consid- 
erably higher  i)osition. 

The  above  is  all  that  was  known  of  the  occurrence  of  cycads  in  the 
Blackhawk  region  prior  to  Mr.  Wells's  discoveries.  His  last  two  in 
voices  to  Professor  Marsh  contained  39  specimens  from  that  region, 
viz,  Nos.  88-12G  of  the  Yale  collection,  and  these  were  described  by  me 
in  June,  1898.  In  the  National  Museum  there  are  4  specimens  from 
there.  If  to  these  we  add  the  two  large  trunks  that  belong  to  the 
State  School  of  Mines,  South  Dakota,  we  have  a  total  of  45  speci- 
mens from  the  Blackhawk  region,  which  are  treated  in  this  paper. 

As,  on  the  occasion  of  my  visit  to  Black's  ranch  in  1895,  none  of  my 
party  had  been  able  to  discover  any  additional  specimens,  1  was 
exceedingly  curious  to  know  where  Mr.  Wells  had  obtained  so  large  a 
number.  The  labels  on  the  specimens  showed  nothing  beyond  the 
fact  that  they  had  been  found  in  the  Blackhawk  region.  Professor 
Marsh  had,  however,  at  my  suggestion,  impressed  Mr.  Wells  with  the 
importance  of  giving  more  specific  localities  for  the  cycads,  but  so 
late  in  the  day  that  it  was  only  in  case  of  the  last  and  smallest  invoice, 
containing  14  specimens,  Nos.  113-12G,  that  ]Mr.  Wells  had  undertaken 
to  be  more  exact  in  this  matter.  All  this  emphasized  the  importance 
of  my  visiting  the  region  again,  and  under  his  guidance,  minutely 
examining  each  of  the  localities.  This  is  what  was  done  in  October, 
1898.  A  few  of  the  s[)ecimens  found  by  him  were  not  far  from  the 
locality  pointed  out  by  Mr.  Getchell  as  that  of  the  original  specimens, 
but  were  somewhat  farther  up  a  small  ravine,  which  has  a  due  south 
course  and  opens  into  the  larger  ravine  having  a  southeasterly  course 
that  passes  by  the  ranch  house.  By  following  up  this  ravine  still  far- 
ther, we  passed  over  a  large  number  of  additional  localities  and  these 
extended  entirely  over  the  divide  to  the  north  and  northeast.  All  of 
these  specimens  occurred  out  of  their  natural  position,  among  loose 
rocks  that  had  slipi)ed  down  from  the  higher  cliffs,  and  the  same  is 
true  for  most  of  the  specimens  froni  the  localities  farther  to  the  north- 
east on  comparatively  low  ground.  They  had,  therefore,  no  geological 
significance  and  there  was  no  possibility  of  measuring  a  section  to  indi- 
cate their  geological  position.  It  was  of  the  utmost  importance,  how- 
ever, that  a  section  should  be  made,  and  in  order  to  do  this  I  was 
obliged  to  explore  the  high  hills  to  tlie  north,  whicii  are  in  their 
original  position. 

.\bout  .)  miles  (hut  iiortli  of  I>hickha\vk  and  4  miles  soullicast  of 
Piedmont  there  is  a  i)e('uliar  (tonlbrmation  of  the  surface,  consisting 
of  what  seems  to  be,  from  whatever  side  it  is  viewed,  a  high  i)lateau, 
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rising  300  feet  above  the  valley  througli  which  the  railroad  passes  and 
having  a  length  nearly  north  and  south  of  about  3  miles  and  a  width 
of  nearly  2  miles.  But  when  one  reaches  the  summit  of  this  high 
hill,  one  finds  that  it  consists  in  reality  of  a  sort  of  gulf  or  amphitheater, 
not  shown  on  the  topographic  map,  with  a  depth  of  between  200  and 
300  feet,  but  having  an  outlet  on  the  eastern  side,  and  also  a  depres- 
sion in  its  rim  on  the  south  side;  otherwise  it  is  entirely  surrounded 
by  the  high  ground  covered  with  the  Cretaceous  sandstones,  has  every 
appearance  of  a  true  basin,  and  reaches  at  the  highest  points  the  3,900- 
foot  contour  line.  The  uppermost  rocks  are  somewhat  quartzitic  and 
barren,  usually  forming  precipitous  ledges,  but  the  next  terrace  below 
consists  of  the  typical  soft  sandstones  with  which  the  fossil  wood  and 
cycads  are  usually  associated  and  are  found  mingled  with  them  on  the 
spurs  and  slopes  below.  In  this  particular  case,  however,  it  has  for- 
tunately happened  tliat  a  number  of  cycads,  and  among  them  some  of 
the  largest  and  most  interesting,  were  found  virtually  in  place  at  this 
high  level  on  the  inner  slope  of  the  rim  of  this  basin  at  its  southern 
end.  Mr.  Wieland  had  also  found  a  specimen  on  the  west  side  at  the 
same  level  and  another  half  a  mile  north  of  the  basin  at  a  little  lower 
,  level.  The  discovery  of  these  specimens  is  very  important  in  confirm- 
ing the  view  at  which  I  had  previously  arrived,  that  this  highest  ter- 
race below  the  quartzitic  cap  constituted  the  cycad  horizon.  In  fact  it 
demonstrates  this,  at  least  for  the  Blackhawk  region. 

I  therefore  determined  to  make  a  section  at  the  precise  point  at 
which  these  cycads  occurred.  It  was  impossible  to  obtain  this  from 
the  south  side  on  account  of  the  gradual  slope  and  the  number  of  slips 
which  obscured  the  strata,  and  I  was  obliged  to  go  over  on  the  inside  of 
the  basin  at  its  extreme  southern  end  and  measure  the  section  from 
that  side.  Owing  to  the  size  of  this  inclosed  valley,  however,  some  of 
the  same  difficulties  presented  themselves  that  occur  in  cases  where 
broad  valleys  are  adjacent  to  the  slopes,  and  it  was  impossible  to  meas- 
ure the  thickness  of  the  Jurassic  or  even  to  find  its  contact  with  the 
Red  Beds,  if  the  latter  occur  at  all.  The  following  is  the  section  as 
thus  measured : 

SECTION  3  MILES  NORTH  OF  BLACKHAWK. 

Cretaceous,  200  feet. 

Feet. 


5.  Whitish,  or  yellowish  sandstone,  greatly  varying  in  hardness,  occasionally 

somewhat  quartzitic  ,   46 

4.  Soft,  yellowish  sandstone  and  sandstone  shales  with  occasional  reddish  clay 
seams,  especially  near  the  base;  cycads  found  in  place  within  6  feet  of 
base  „   50 

3.  Ledge  of  soft  light  sandstone   10 

2.  Slope  mostly  covered  with  debris  of  sand  rock,  grass,  and  herbage   94 

Jurassic  exposed.  100  feet. 
1.  Jurassic,  much  obscured,  to  bottom  of  canyon   100 


Total  exposure   300 
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The  largest  cycad  from  that  region,  Xo.  100  of  the  Yale  collection, 
and  the  largest  but  one  in  the  world,  was  found  at  a  height  of  110  feet 
above  the  Jurassic  contact  or  80  feet  below  the  top  of  the  highest 
crest  on  the  south  end  of  this  basin  on  its  inner  slope,  and  several 
other  of  the  most  interesting  specimens  were  found  either  near  this  or 
in  relatively  the  same  position  somewhat  farther  east. 

A  less  successful  attempt  was  made  to  measure  a  section  at  the  north 
end  of  the  basin,  where  the  rim  was  found  to  rise  86  feet  above  the 
top  of  the  Jurassic,  exposed  below.  But  it  is  probable  that  the  high- 
est part  of  the  rim  here  is  considerably  below  the  cycad  horizon  and 
the  plain  slopes  away  to  the  northward,  so  that  no  full  section  can 
be  obtained.  On  the  west  side,  where  Mr.  Wieland  found  a  cycad  at 
about  the  same  horizon  as  those  at  the  south  end,  the  rim  is  very  thin 
and  the  rocks  have  the  appearance  of  dipping  rapidly  to  the  westward. 
This  is,  however,  undoubtedly  due  to  the  effect  of  undermining  and 
tilting  them  at  the  time  that  the  broad  valley  on  the  west  was  being 
eroded.  On  the  slope  toward  the  basin  the  dip  is  in  the  opposite 
direction,  doubtless  from  a  similar  cause. 

The  entire  cycad  area  therefore  of  the  Blackhawk  region,  as  we  now 
understand  it,  forms  a  sort  of  rectangle  about  a  mile  and  a  half  wide 
east  and  west  and  3  miles  long  north  and  south,  with  Black's  ranch  at 
its  southwestern  corner,  and  it  extends  in  altitude  from  the  3,000-  to  the 
3,750  toot  contour  line  (see  map,  PI.  LV).  All  the  specimens,  how- 
ever, found  below  the  3,750-foot  contour  line  are  of  course  out  of  place. 

IV.    THE  HAY  CREEK  REGIOX. 

After  Professor  Jenney  and  I  had  discovered,  in  1893,  that  there  was 
a  large  series  of  beds  underlying  the  true  Dakota  group  in  the  Black 
Hills,  the  idea  of  developing  an  extensive  fossil  flora  assumed  a  definite 
shape  in  the  minds  of  both  of  us.  His  prolonged  investigations  in  all 
l)arts  of  the  Black  Hills  in  the  capacity  of  a  mining  expert  rendered  it 
liigiily  probable  that  if  such  a  flora  existed  he  would  sometime  find  it 
when  studying  sueh  outcrops  as  promised  to  yield  coal.  An  occasion 
of  this  kind  presented  itself  much  earlier  than  1  had  expected,  when, 
the  following  year,  he  was  employed  by  the  railroad  companies  to  inves- 
tigate the  coal  fields  on  TTay  Creek,  a  tributary  of  the  Belle  Fourche, 
which  rises  in  Crook  County,  Wyoming,  and  flows  slightly  north 
of  east.  Joining  the  Belle  Fourche  opposite  the  town  of  that  name. 
Valuable  beds  of  coal  were  discovered  on  the  upper  tributaries  of  Hay 
Creek,  and  this  general  region  is  now  known  as  the  Hay  (^reek  coal 
field,  with  liarrett  ])()st ollice  near  its  center.  The  map  (PI.  LVI) 
shows  in  detail  the  nature  of  the  Hay  (Jreek  coal  field,  and  indicates 
the  stratigra))liy,  as  worked  out  by  Professor  Jenney,  and  all  the 
localities  from  which  fossil  plants  were  obtained  by  him  and  sections 
made. 
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The  history  of  Professor  Jenney's  investigations  will  now  be  given. 
In  Jnne,  1894, 1  received  a  letter  from  him  dated  June  10,  from  which 
I  give  the  following  extract: 

I  have  just  returned  from  a  three  weeks'  camping  expedition  in  the  foothills  of 
the  eastern  part  of  the  Bear  Lodge  Range.  I  had  occasion  to  study  carefully  the 
Hay  Creek  coal  field,  situated  40  miles  northwest  of  Deadwood,  and  have  measured 
many  sections  covering  the  Dakota  group  of  Newton.  I  found  much  that  would 
interest  you.  It  is  true  I  could  not  find  any  cycad  trunks,  hut  think  we  will  yet 
find  impressions  of  the  leaves.  Fossil  wood  is  quite  ahundant  in  this  formation.  In 
one  place  a  huge  tree  is  sticking  in  the  face  of  a  cliff;  the  trunk  is  3  feet  in  diameter 
and  extends  along  the  face  of  the  cliff  for  40  or  50  feet,  forming  across  the  rifts  in 
the  rock  a  kind  of  natural  bridge.  I  could  only  take  specimens  of  the  sapwood  and 
heartwood  of  this  silicified  trunk.    It  is  too  large  to  send  to  AVashington. 

I  find  in  the  Hay  Creek  district  four  distinct  plant-bearing  horizons  that  will 
prove  very  useful  in  separating  the  Dakota  group  into  the  different  epochs.  I  could 
only  collect  a  few  plants  from  each,  but  have  carefully  recorded  the  localities. 
Several  will,  if  worked,  yield,  I  am  satisfied,  finely  preserved  plants.  It  is  true  I 
have  not  found  in  the  Lower  Cretaceous  a  great  varietj^  of  plants,  and  that  good 
specimens  are  not  common. 

1  discovered  between  the  Jurassic  and  the  Dakota  group  of  Newton  evidences  of 
unconformity,  i.  e.,  that  the  Jurassic  formation  had  suftered  considerable  erosion 
prior  to  the  deposition  of  the  Cretaceous.  Further,  between  the  top  of  the  Jurassic 
beds  with  characteristic  marine  fossils  and  the  base  of  Newton's  Dakota  group 
there  are  about  50  feet  of  beds  as  to  which  I  am  as  yet  unable  to  determine  whether 
they  should  be  classed  as  Jurassic  or  as  Lower  Cretaceous.  These  beds  are  ash-gray 
clays  with  calcareous  clay  nodules,  apparently  without  fossils.  At  the  top  of  this 
undetermined  series  of  beds  and  just  beneath  the  sandstone  shales  with  plant 
remains,  the  supposed  base  of  the  Cretaceous,  occurs  a  bone-bearing  bed,  from 
which  I  obtained  fragments  of  fossil  rib  bones  2^  inches  wide,  ^  to  1  inch  thick. 
The  Atlantosaurus"  beds  of  Professor  Marsh,  that  Professor  Carpenter  states  were 
identified  by  him  near  Piedmont,  South  Dakota,  at  once  came  to  mind. 

I  hope  to  have  time  to  search  the  locality  and  its  vicinity  and  determine  the  hori- 
zon of  these  animal  remains. 

To  return  to  the  Dakota  of  Newton,  I  find  it  naturally  separates  into  the  following 
(this  is  of  course  subject  to  future  discovery  and  to  the  determination  of  the  plants 
of  the  several  horizons) : 

GENERAL  SECTION  OF  THE  DAKOTA  GROUP  OF  NEWTON. 

Upper  surface,  probably  somewhat  eroded,  overlain  by  Fort  Benton  Shales. 

Feet. 

1.  The  Dakota  sandstone  with  characteristic  plant  remains.    The  base  a 

massive  sandstone  of  variable  character  with  respect  to  hardness,  per- 
centage of  iron,  etc   100 

2.  Clay  shales,  sandstone  shales,  and  soft  sandstones  with,  locally,  beds  of  car- 

bonaceous shale  and  plant  remains,  plants,  ferns  of  modern  type,  and 
•ribbon -like  fucoids;  at  base  of  this  member  a  massive  cross-bedded 
sandstone  50  feet  in  thickness;  contact  stratum,  a  breccia  of  clay  and 
sandstone  marking  unconformity   150 

3.  Massive  sandstone  40  feet,  underlain  by  drab  clay  shales  and  carbonaceous 

shales  with  plant  remains.  Plants,  ferns,  cycad-like  in  type,  pine 
needles,  plant  impressions  like  modern  Equisetum,  leaves  of  willows, 
rushes,  etc   100 

4.  Soft  sandstones,  clay  shales  and  clays  with  one  workable  (3  to  5  feet  thick) 

and  several  smaller  local  seams  of  coal,  plant  remains,  peculiar  ferns, 
cycad-like,  and  long  flattened  pine  needles   100 
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Page. 

5.  Ash-colored  clays  with  calcareous  nodules.    No  fossils  observed ;  near  top 

at  contact  with  No.  4  occur,  locally,  fossil  bones   50 

This  member  may  be  Jurassic. 

6.  Jurassic  clays  and  shell  limestone  with  marine  fossils — Belemnites.  Ostrea, 

Exogyra,  etc. 

Professor  Jeimey  commenced  almost  immediately  to  send  on  packages 
of  fossil  plants.  Three  packages  were  sent  on  Jnne  IG,  two  on  June 
28,  five  on  July  8,  and  one  on  July  12.  In  addition  to  this,  he  sent  a 
box  containing  specimens  collected  in  August  and  September. 
Altogether  the  collection  is  one  of  the  finest  that  has  ever  been  made 
from  any  part  of  the  West.  It  came  in  admirable  condition,  with 
every  specimen  carefully  and  accurately  labeled,  indicating  its  locality 
and  the  particular  stratum  from  which  it  was  obtained.  This  collec- 
tion was  forwarded  to  Professor  Fontaine  for  determination,  and  his 
report  upon  it  is  embodied  in  this  paper  (pp.  045-702,  Pis.  CLXII- 
CLXIX). 

In  one  of  Professor  Jeiiney's  letters,  dated  August  20, 1894,  he  givea 
the  following  additional  facts,  which  are  well  worth  recording: 

1  hope  the  collections  J  have  sent  in  will  insure  the  determination  of  the  age  of  the 
coal  and  the  separation  of  Newton's  Dakota  group  into  its  several  horizons.  Since 
my  last  letter  I  have  done  a  great  deal  of  detailed  stratigraphic  work  in  the  interval 
between  the  Red  Beds  and  the  Fort  Benton  shale. 

I  find  overlying  the  marine  beds  of  the  Jurassic  about  50  feet  of  light-colored 
clays  with  nodular  layers  of  clay  limestones.  These  beds  I  lirst  supposed  to  be  pos- 
sibly Low^r  Cretaceous,  and  marked  tliem  No.  5  in  the  section  I  sent  you  in  my  letter. 
I  have  found  evidences  that  these  beds  are  probably  Jurassic  shallow-water  deposits; 
they  carry  often  large  trunks  and  limbs  of  fossil  wood,  and  in  the  layers  of  impure 
limestone  a  few  small  Ammonites  near  the  top  of  these  beds;  just  below  the  contact 
with  the  base  of  No.  4,  Cretaceous,  occurs  a  bone-bearing  bed — large  elongated 
vertebra'  and  fragments  of  leg  and  thigh  bones,  all  in  a  poor  state  of  preservation. 
These  beds  recall  the  Atlantosaurus  beds  of  Marsh  to  my  memory,  but  as  I  have  not 
the  original  papers  by  Professor  Marsh  on  those  saurian  remains  I  can  not  say  more 
as  to  their  prol)able  place  in  the  section. 

There  are  evidences  that  the  land  was  rising  at  the  close  of  the  Jurassic,  for  some 
of  the  No.  5  beds  may  be  brackish  or  fresh  water,  and  that  before  the  deposition  of 
the  lowest  beds  of  the  coal  series  (division  No.  4,  Newton's  Dakota)  the  land  was 
above  water  and  had  suffered  a  ((iiite  extensive  denudation,  and  that  the  workable 
and  lowest  beds  of  coal  were  deposited  in  basins,  channels,  and  valleys  in  the  eroded 
Jurassic.  This  I  believe  has  not  been  noted  before.  I  lind  the  dynamic  geology  of 
the  region  far  more  coini)licated  as  I  study  it  than  was  at  lirst  apparent.  There  are 
faults,  elevations  of  strata,  both  anterior  and  subsequent  to  the  formation  of  the  coal. 
I  have  been  able  to  send  you  (juite  a  representative  collection  of  the  y)lants  of  No.  2 
division  of  Newton's  Dakota;  a  less  extensive  one  of  tli(^  i)lants  of  No.  3  division, 
and  but  few  plants  from  No.  4  division,  the  horizon  of  the  coal*  I  did  not  try  to 
collect  from  No.  1,  the  Dakota  sandstone  proper,  as  the  ])lants  from  that  horizoQ  are 
well  known.  I  have  hired  three  or  four  miners,  and  will  oi)en  the  coal  in  No.  1,  in  a 
new  field  I  have  discovered  in  an  unexplored  section  of  this  region.  Ii'  there  are 
any  plants  I  will  send  you  colhictions  made. 

As  I  think  I  wrote  you,  I  find  evidences  of  uneonfoniiity  between  No.  '.i  and  No.  2 
and  between  No.  '2  and  \o.  1.  I  have  been  unable  to  detect  any  unconformity 
between  No.  4  and  Xo.  .'>.  The  great  unconformity  of  tluj  .Jurassic  and  No.  1  has  Ix'on 
noted.  On  the  higlier  ridges  of  Jurassic  surface,  No.  '.i  rests  on  the  Jura  and  No.  4 
is  absent. 
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I  think  I  can  get  you  plants  that  will  show  No.  4  to  be  older  and  distinct  from  No. 
3,  though  the  stratigraphy  shows  apparent  uninterrupted  deposition. 

Not  content  with  performing  these  important  services,  Professor 
Jenney  has  taken  time  to  prepare  for  me,  with  permission  to  use  in  this 
report,  an  extended  series  of  notes  upon  the  Hay  Creek  region  and  a 
large  number  of  sections  from  the  most  important  plant-bearing  beds. 
It  is  with  great  pleasure  that  I  avail  myself  of  the  data  thus  furnished, 
which  I  insert  bodily  into  this  memoir.  The  map  of  the  Hay  Creek 
coal  field  was  also  prepared  by  him;  and  taking  this  in  connection  with 
his  descriptions  and  sections,  we  have  a  very  fall  statement  of  the 
geology  and  i)aleontology  of  that  region. 

Professor  Jenney  continued  to  fnrnish  these  notes  down  almost  to 
the  time  of  going  to  press.  It  is  my  duty  to  add  that  he  has  per- 
formed all  these  services  for  the  pure  love  of  science,  and  the  spirit  by 
which  he  has  been  actuated  may  be  gathered  from  the  following 
remark  in  his  letter  of  April  17,  1898,  inclosing  the  last  of  his  manu- 
script, where  he  says  : 

Use  these  notes  when  yon  can  in  writing,  and  all  other  notes,  maps,  and  data 
sent.  Do  not  worry  about  giving  me  credit.  The  object  to  bo  attained  is  the  best 
monograph  on  the  coal  field.  So  use  all  data  as  your  own  and  publish  over  your 
own  signature,  unless  there  is  good  reason  for  not  doing  so.  You  have  full  authority 
to  omit,  change,  or  publish  any  or  all  of  the  material  sent  in  such  manner  as  you 
shall  deem  best. 

A  copy  of  Professor  Fontaine's  manuscript  describing  the  fossil 
plants  of  the  Hay  Creek  coal  field  was  sent  to  Professor  Jenney,  and 
his  notes  include  a  discussion  of  the  stratigraphy  from  the  paleonto- 
logical  standpoint. 

FIELD  OBSERVATIONS  IN  THE  HAY  CREEK  COAL  FIELD. 

By  Walter  P.  Jenney. 
THE  DAKOTA  GROUP  OF  NEWTON. 

In  the  report  on  the  geology  of  the  Black  Hills  based  on  the  field 
work  of  the  survey  of  that  region  made  in  1875,  Mr.  Henry  Newton, 
the  geologist  of  the  survey,  wrote : 

It  has  already  been  remarked  that  the  concentration  of  attention  on  the  main 
body  of  the  Hills  prevented  a  thorough  study  of  the  Jura.  In  a  still  greater 
degree  it  reduced  our  opportunities  for  the  examination  of  the  Cretaceous.  Very 
few  of  our  excursions  penetrated  more  than  the  basal  member,  and  the  only  exami- 
nations of  the  entire  series  were  in  our  rapid  approach  to  the  Hills  via  Beaver 
Creek  and  on  our  return  march.  So  far,  however,  as  our  observations  extended,  it 
was  evident  that  the  Upper  Missouri  section  of  Meek  and  Hayden  was  applicable 
without  essential  modification.^ 

Mr.  Newton  quotes  from  the  Invertebrate  Paleontology  of  Professor 
Meek  as  follows : 

No.  1. — Dakota  group. 

Yellowish,  reddish,  and  occasionally  white  sandstone,  with  at  places  alternations 
of  various-colored  clays  and  beds  and  seams  of  impure  lignite;  also  silicified  wood, 


^  Geology  of  the  Black  Hills,  p.  175. 
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and  great  numbers  of  leaves  of  the  higher  types  of  dicotyledonous  trees,  with  casts 
of  Pharellaf  Dakotensis,  Trigonarca  Siouxensis,  Cyrena  arenarea,  Margaritana  Nehras- 
censis,  etc. 

Localities. — Hills  back  of  the  town  of  Dakota;  also  extensively  developed  in  the 
surrounding  country  in  Dakota  County  [Nebraska]  below  the  mouth  of  the  Big 
Sioux  River,  and  thence  extending  southward  into  northeastern  Kansas  and  beyond. 
Thickness,  400  feet.' 

Mr.  Xewton,  writing  from  bis  own  observations  on  the  Dakota  group 
iu  the  Black  Hills,  describes  it  as  follows: 

Prominently  developed,  forming  the  capping  rock  to  the  foothills  that  surround 
the  Hills  on  all  sides;  appears  with  its  characteristic  composition — coarse  yellow  or 
red  sandstones  with  discontinuous  variegated  clays.  At  places  a  considerable  thick- 
ness of  very  soft  and  iine  white  sandstone  appears  at  the  base,  pjlsewhere  consider- 
able portions  are  of  hard,  dense  quartzite.  No  animal  fossils  were  found,  but  many 
remnants  of  plants — in  no  case  more  than  mere  coaly  fragments.  Thickness,  250  to 
400.  feet.  2 

Mr.  Newton  placed  in  the  Dakota  group  all  the  sandstones  and  clays 
included  between  the  Jurassic  and  the  Fort  Benton,  following  Dr.  F. 
Y.  Hayden,  who  had  studied  this  formation  along  the  Missouri  Kiver, 
and  who  first  identified  the  Dakota  sandstone  in  the  Black  Hills,  Dr. 
Hayden  having  accompanied  as  naturalist  and  geologist  the  expeditions 
under  command  of  Gen.  G.  K.  Warren  in  1855  and  of  Oapt.  W.  F. 
Baynolds  in  1859,  who  made  brief  visits  to  the  Black  Hills. 

Mr.  Newton  has  in  the  text  quoted  briefly  explained  the  imperfect 
and  hurried  character  of  the  investigation  of  the  later  geological  for- 
mations iu  the  foothills,  which  was  unavoidable  from  the  necessity  of 
concentrating  the  work  upon  the  metamorphic  region  of  the  interior  of 
the  Hills,  with  its  placer  gravels  and  gold-bearing  veins. 

In  the  summer  of  1877  Mr.  Newton  returned  to  the  Black  Hills  for 
the  purpose  of  making  a  more  complete  investigation  of  the  geological 
structure  and  to  supply  many  omissions  in  tlie  field  observ^ations  made 
in  1875.  While  there  engaged  he  died  at  Deadwood  froui  typhoid 
fever.  The  manuscript  of  his  report  on  the  geology  of  the  Black  Hills 
was  left  incomplete  at  his  death  and  was  not  published  until  1880. 

From  the  early  work  of  Dr.  Hayden  in  this  region  the  unity  of  the 
Dakota  group  was  not  questioned  until  the  visit  of  Prof.  Lester  F. 
Ward  in  September,  181K),  who  came  to  the  Hills  with  the  object  of 
determining,  if  possible,  the  liorizon  of  the  remarkable  fossil  trunks  of 
cycads  found  near  Hot  Springs,  South  Dakota.  In  the  search  for  the 
cycad  locality  and  in  the  approximate  determination  of  the  horizon  from 
which  tliese  fossil  trunks  had  been  derived  1  accompanied  Professor 
Ward,  as  related  elsewhere. 

The  following  summer  T  was  engaged  in  an  investigation  of  tlie 
economic  value  of  tlie  coal  of  the  Ihiy  Creek  region  in  the  extreme 
northern  Hills,  distant  IM)  miles  north-north  west  from  Hot  Springs.  In 
the  progress  of  the  held  work  it  was  found  that  workable  beds  of  coal 
occurred  in  the  lower  i)art  of  the  Dakota  group.    Later,  as  the  relation 

»Geologyof  the  i;la(  k  Hills, p.  174.  'Geology  of  the  Ulack  Hills,  p.  175. 
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of  the  different  beds  was  worked  out,  and  as  collections  were  made  of 
the  fossil  plants,  it  became  apparent  that  the  Dakota  group  was  made 
up  of  a  number  of  distinct  formations,  separable  stratigraphically,  and 
that  each  division  was  characterized  by  a  fossil  flora  peculiar  to  itself, 
by  which  it  could  be  readily  recognized.  The  collections  of  fossil  i)lants 
were  forwarded  for  determination  to  Professor  Ward  at  Washington. 
There  was  also  sent  a  general  section  of  the  strata  exposed  in  the  Hay 
Creek  region,  a  description  of  the  several  divisions  determined  strati- 
graphically of  the  Dakota  group,  and  a  statement  of  the  approximate 
position  of  each  plant-bearing  bed  or  horizon,  referred  to  its  proper 
division  and  measured  from  the  Jurassic  below  and  also  from  the 
Dakota  sandstone  above. 

These  i^lant  collections,  with  the  accompanying  notes,  were  referred 
by  Professor  Ward  to  Prof.  Wra.  M.  Fontaine  for  examination. 

The  divisions  of  the  Dakota  group,  determined  stratigraphically, 
were  confirmed  by  the  study  of  the  plants  by  Professor  Fontaine,  who 
further  determined  that  the  divisions  (Nos.  3  and  4)  lying  at  the  base 
of  the  Dakota  group,  and  including  the  coal  beds  of  economic  impor- 
tance corresponded  most  nearly  in  flora  to  the  Lower  Potomac.  The 
division  above  (No.  2),  lying  immediately  beneath  the  Dakota  sandstone 
(No.  1),  was  correlated  by  its  flora  substantially  with  the  upper  portion 
of  the  Older  Potomac  (Aquia  Creek  series),  and  all  of  the  Dakota  group 
included  between  the  Jurassic  at  its  base  and  the  true  Dakota  sand- 
stone at  the  top  was  thus  placed  in  the  Lower  Cretaceous. 

In  the  determination  of  the  horizon  of  the  fossil  cycads  in  the  Hot 
Springs  region  Professor  Ward  had  previously  identified  the  upper  100 
feet  of  strata  of  the  Dakota  group  as  constituting  the  Dakota  sand- 
stone i)roper,  characterized  in  the  southern  hills  by  an  abundance  of 
well-preserved  dicotyledonous  leaves.  The  underlying  beds  included 
between  the  Jurassic  and  the  Dakota  sandstone  were  shown  to  be  in 
all  probability  Lower  Cretaceous,  from  position,  from  the  abundance  of 
fossil  cycad  trunks,  and  from  the  confirmatory  evidence  of  a  small  col- 
lection of  fossil  iflants  obtained. 

The  field  work  in  the  Hay  Creek  region  and  the  plant  collections 
made  have  furnished  data  for  the  division  of  the  Dakota  group  into 
distinct  epochs,  corresponding  to  the  prominent  divisions  of  the  Cre- 
taceous of  the  Atlantic  coast.  Further,  it  has  made  certain  the  deter- 
mination by  Professor  Ward  of  the  Lower  Cretaceous  age  of  the  larger 
part  of  the  strata  in  the  Black  Hills  heretofore  included  in  the  Dakota 
group. 

THE    HAY    CREEK    COAL    FIELD    COMPARED    WITH    THE  POTOMAC 

FORMATION. 

1,  Character  of  the  sediments. —ThOi  beds  forming  the  Dakota  group 
of  Newton  are  either  pure  sands,  clays,  or  mixtures  of  clay  and  sand. 
Granitic  sands  (arkose)  are  absent.  These  sediments  are  consolidated 
into  rock  strata  of  varying  hardness.    The  sands  form  sandstone  in 
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many  localities,  particularly  in  the  lower  part  of  the  Dakota  sandstone, 
of  a  quality  suitable  for  building  purposes.  The  clays  occur  as  clay 
shales,  save  the  under  and  over  clays  of  the  coal  beds,  which  are  com- 
monly soft  fire  clays,  though  with  a  shaly  structure. 

The  beds  show  little  or  no  disturbance  after  deposition.  Erosion  has 
taken  place  in  certain  beds  prior  to  the  deposition  of  the  later  strata 
resting  upon  them.  The  clay  balls  and  lenses — irregular  masses  and 
sheets  of  clay  described  as  occurring  in  the  Potomac  formation,  the  result 
of  the  destruction  of  preexisting  clay  beds — do  not  seem  to  have  their 
counterpart  in  the  Black  Hills.  So  far  as  the  writer  has  had  the  oppor- 
tunity to  examine  the  Dakota  formation  in  other  localities  in  the  belt 
encircling  the  Black  Hills,  it  everywhere  has  the  above-described 
character. 

2.  Persistence  of  plant  horizons. — Certain  horizons  carry  x)lants 
throughout  the  Hay  Creek  region ;  notably  the  plant  horizon  of  divi- 
sion Ko.  3  at  the  base  of  the  clift-forming  sandstone  (No,  3);  also  the 
bed  of  carbonaceous  shales  about  100  feet  below  the  base  of  the  Dakota 
sandstone  in  division  No.  2. 

3.  The  Lower  Cretaceous  a  coal-forming  period  in  the  Blade  Hills, — 
At  the  opening  of  the  Lower  Cretaceous  the  beds  of  workable  coal  were 
deposited  in  hollows  eroded  in  the  Jurassic  surface.  A  period  of  quiet 
must  then  have  occurred,  long  enough  to  form  coal  Avith  a  thickness  of 
from  3  to  6  feet.  The  coal  appears  to  have  been  formed  where  the 
vegetation  grew  and  to  have  been  deposited  in  basins,  channels,  and 
small  irregular  swampy  tracts  between  the  Jurassic  hills. 

Like  the  coal  beds  of  the  Carboniferous,  the  Hay  Creek  coals  have 
an  under  clay,  filled  with  fragments  of  plant  remains,  and  an  over- 
clay,  in  which  occur,  in  favorable  localities,  well-preserved  plants.  Over- 
lying and  capping  the  clays  with  the  included  coal  are  thick  beds  of 
sandstone. 

In  division  No.  3  thin  coals  occur,  but  are  seldom  found  of  workable 
thickness.  In  division  Xo.  2  a  bed  of  black  carbonaceous  shale  occurs 
continuously  over  a  considerable  area.  In  the  Dakota  sandstone  thin 
impure  coal  seams  without  economic  value  are  found  in  the  upper  shaly 
strata. 

4.  The  Neivcastle  coal. — At  Newcastle,  Wyoming,  at  the  Cambria  coal 
mines,  on  the  southwestern  border  of  the  Black  Hills,  coal  also  occurs 
in  the  lowest  beds  of  the  Lower  Cretaceous.  The  horizon  of  tlie  New- 
castle coal  is  about  50  feet  above  the  top  of  the  Jurassic.  The  coal  is 
peculiar  in  character,  having  been  apparently  deposited  in  the  bottom 
of  a  lake,  and  formed  mainly  from  the  leaves  of  some  species  of  (jonifer. 
The  coal  is  underlain  by  hard,  massive  sandstone  and  is  directly  covered 
by  thick  sandstone  strata,  without  a  trace  ol'  the  underclay  or  over- 
clay  commonly  oc(;urring  with  (M>al  beds  the  world  over. 

At  the  (Jainbria  mines  this  coal  is  7  to  0  feet  in  thickness.  Seams  of 
splint,  or  impure  coal,  4  to  <S  inches  thick,  occur  in  the  ui)per  ])artof  the 
bed.    On  weathering  on  the  slack  dump  the  fragments  ot  these  splint 
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layers  disintegrate  intobuncbes  of  long,  flat,  pine  needles, brown  colored 
on  the  surface;  on  breaking,  of  a  brilliant  jet-black  coal  within.  These 
conifer  leaves  are  3  to  4  inches  long,  and  as  a  result  of  one  or  two 
seasons'  exposure  to  weather  a  fragment  of  splint  comes  to  resemble  a 
bunch  of  coarse  brown-colored  hay.  These  needles  will  burn  when 
lighted  with  a  match. 

The  IlTewcastle  coal  is  heavy,  dense,  breaking  into  shaly  fragments, 
thin  at  the  edges,  like  rock  spalls  from  a  quarry.  The  ash  is  nearly 
pure  silica,  apparently  made  up  mostly  of  fine  sand  deposited  with  the 
vegetable  matter  forming  the  coal.  The  percentage  of  ash  varies  widely 
in  different  parts  of  the  coal  bed,  but  averages  about  13  to  18  per  cent 
of  the  weight  of  the  coal  shix)ped.  In  coking,  this  coal  gives  off  a  large 
amount  of  condensable  products — tar,  ammonia,  etc. 

The  Newcastle  coal  is  used  on  the  locomotives  of  the  Burliugton  Rail- 
road, as  a  fuel  for  steam  boilers  at  the  Homestake  mines,  and  in  the 
form  of  coke  in  the  smelting  furnaces  (D.  &  D.  Smelter)  at  Dead  wood, 
South  Dakota.  It  is  not  favored  as  domestic  fuel.  Microscopic  exami- 
nation of  specimens  of  this  peculiar  coal  from  different  parts  of  the  bed 
might  throw  light  on  its  origin  and  formation. 

5.  StratigrapMcal  position  of  the  Loioer  Cretaceous  in  the  Black  Hills. — 
Most  valuable  of  all  is  the  precisely  defined  position  of  the  Lower 
Cretaceous.  The  Dakota  group  of  Kewton  embraced  all  the  strata 
included  between  the  marine  Jurassic  and  the  Fort  Benton  of  the  Upper 
Cretaceous.  The  marine  Jurassic  is  characterized  in  the  Black  Hills 
by  a  great  abundance  of  fossil  mollusks,  so  that  the  age  of  the  forma- 
tion is  well  established.  Resting  uncomformably  on  the  marine  Juras- 
sic, and  formed  from  the  products  of  its  erosion,  is  the  brackish  or  fresh- 
water formation  which  I  have  designated  as  later  Jurassic,  division 
No.  5  of  Newton's  Dakota  group,  the  supi^osed  equivalent  of  the  Atlan- 
tosaurus  beds  of  Marsh.  Whether  these  beds  should  be  regarded  as 
Jurassic  or  as  transition  beds  between  the  Jurassic  and  Cretaceous,  or 
should  be  made  the  lowest  division  of  the  Lower  Cretaceous  is  open  to 
discussion.  The  marked  uncomformity  between  the  Lower  Cretaceous 
and  these  later  Jurassic  beds,  the  great  change  in  the  character  of  the 
sediments  in  passing  from  the  Jurassic  (No.  5)  to  the  Cretaceous  (No.  4), 
and  the  resemblance  of  the  few  fossil  shells  found  in  No.  5  to  Jurassic 
forms,  have  led  the  writer  to  place  this  formation  in  the  Jurassic.  There 
is  little  doubt  that  division  No.  5  of  the  Hay  Creek  section  is  the  same  as 
the  beds  included  between  the  Jurassic  and  the  Dakota  group  at  Pied- 
mont, South  Dakota,  on  the  eastern  border  of  the  Black  Hills,  which 
were  identified  by  Marsh  as  the  representative  of  the  Atlantosaurus 
beds  of  Wyoming  and  Colorado.  The  Piedmont  locality  was  visited  by 
J.  B.  Hatcher,  who  there  found  numerous  large  elongated  vertebrae 
described  by  Marsh  as  a  species  of  Barosaurus.^  Similar  vertebrae  were 
found  by  my  assistants  in  the  upper  beds  of  division  No.  5,  in  the  Hay 
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Creek  region.  Professor  Marsh  gives  the  following  general  section  of 
the  geological  horizon  of  vertebrate  fossils  in  jS^orth  America:^ 

Cretaceous   Dakota  group. 

f  Atlantosaurus  beds  ]  Dinosaurs:  Broutosau- 

 ^  Baptanodon  beds   (Mammals':  Dryclostes, 

[Hallopus  beds  j  etc. 

Triassic. 

Eeferring  to  the  ''remains  of  an  enormons  dinosaurian"'^  found  near 
Morrison,  Colorado,  in  1877,  and  described  as  Atlantomurus  montanus^ 
Professor  Marsh  writes : 

AVhen  first  found  these  fossils  were  supposed  to  be  from  the  Dakota  group,  but 
their  Upper  Jurassic  age  was  soon  after  determined  by  the  writer  from  evidence  that 
placed  the  horizon  beyond  dispute. 

Professor  Marsh  continues: 

Another  locality  of  Sauropoda,  more  recently  expk)red  by  the  writer,  is  in  South 
Dakota,  on  the  eastern  slope  of  the  Black  Hills.  This  is  the  most  northern  limit  now 
known  of  the  Atlantosaurus  beds,  which  form  a  distinct  horizon  along  the  eastern 
flanks  of  the  Rocky  Mountains,  marked  at  many  points  by  the  bones  of  gigantic 
dinosaurs,  for  nearly  500  miles.  The  strata  are  mainly  shales  or  sandstones  of  fresh 
water  or  estuary  origin.  They  usually  rest  uncomformably  upon  the  red  Triassic 
series,  and  have  above  them  the  characteristic  Dakota  sandstones.  On  the  western 
slope  of  the  Rocky  Mountains  the  Atlantosaurus  beds  are  also  well  developed,  espe- 
cially in  AVyoniing,  but  here  they  have  immediately  below  them  a  series  of  marine 
strata,  which  the  writer  has  named  the  Baptanodon  beds,  from  the  largest  reptile 
found  in  them.    This  horizon,  also  of  Jurassic  age,  is  shown  in  the  section.-' 

From  the  above  it  is  evident  that  Professor  Marsh  regarded  the 
Atlantosaurus  beds  as  later  Jurassic. 

The  marine  beds  of  the  Port  Benton  form  a  marked  boundary  to  the 
Dakota  group  readily  identified  by  the  eye  as  far  as  the  colors  of  the 
different  formations  and  the  peculiar  topography  which  each  impresses 
upon  tlie  held  of  view  can  be  distinguished. 

Upon  examining  the  Dakota  group  of  Newton  in  detail  the  Dakota 
sandstone  is  readily  differentiated  stratigraphically  from  the  lower 
divisions  by  the  abrui)t  change  in  the  character  of  the  sediments,  the 
Dakota  sandstone  forming  a  prominent  cliff,  while  the  clays  ol"  the 
Lower  Cretaceous  immediately  underlying  it  yield  to  erosion  and  are 
covered  beneath  a  long  grassy  slope.  Even  more  marked  is  the  great 
change  in  the  flora  between  the  Lower  Cretaceous  and  the  Dakota 
sandstone,  but  this  1  need  not  go  into  further. 

In  the  Jjlack  Hills  the  strata  of  the  Lower  Cretaceous  are  thus  inter- 
calated in  a  series  of  well -determined  formations,  so  that  the  exact 
relative  ])osition  is  accurately  known,  both  stratigrai)liical]>  and 
l)ale()ntologi(;ally. 

Fossil  wood  occurs  in  the  later  Jurassic  of  Hay  (Jreek,  and  it  is  not 
improbable  that  fossil  ])lants  will  be  found  in  the  brackish  and  fresh 
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water  deposited  beds  of  the  Jurassic  when  the  great  extent  of  territory 
covered  by  rocks  of  this  age,  stretching  along  the  eastern  slope  of  the 
Eocky  Mountains,  is  carefully  explored  and  particular  search  made. 

6.  Resemblance  of  the  flora  of  the  Ray  Creelc  coal  field  to  that  of  the 
Lotver  Potomac. — Professor  Fontaine  remarks: 

The  fact  that  the  Hay  Creek  flora  shows  a  much  greater  resemblance  to  that  of 
the  Lower  Potomac  than  to  the  Kootanie  floras  of  British  America  and  of  Great  Falls, 
Montana,  which  occur  much  nearer  to  the  Hay  Creek  region  than  does  the  Potomac, 
of  Virginia,  is  another  surprising  feature  (see  infra,  j).  702). 

In  my  letter  of  May  26,  1896,  I  commented  on  the  insular  position  of 
the  Black  Hills,  and  stated  that  from  my  own  observations  the  modern 
flora  is  more  nearly  related  to  that  of  the  Eastern  States  than  it  is  to 
the  flora  of  the  llocky  Mountains. 

The  Black  Hills  may  have  been  covered  by  the  ocean  as  late  as  the 
close  of  the  deposition  of  the  marine  Jurassic.  'Eo  positive  evidence 
has  been  obtained  that  any  portion  of  the  Hills  was  above  water  prior 
to  that  date,  although  the  water  continued  shoaling  from  the  Car- 
boniferous to  the  later  Jurassic.  Neither  has  fossil  wood  been  found 
in  the  Triassic  or  the  marine  Jurassic,  and  it  is  not  until  the  later 
Jurassic  is  reached  that  it  occurs. 

Jurassic  formations  occur  west  of  the  Black  Hills  and  along  the  foot- 
hills of  the  Big  Horn  Mountains,  and  extend  north  into  Montana  and 
south  through  Wyoming  and  Colorado  to  I^ew  Mexico.  The  eastern 
shore  of  the  sea  depositing  the  marine  Jurassic  is  not  known;  neither 
is  it  known  how  far  to  the  east  the  fresh  and  brackish  waters  extended 
in  the  later  Jurassic.  The  Upper  Cretaceous  stretches  eastward  into 
Kansas  and  Iowa.  Strata  of  Jurassic  age  have  not  been  discovered 
east  of  the  Black  Hills.  I  found  the  marine  Cretaceous  in  Arkansas, 
abutting  on  the  Paleozoic,  and  searched  the  contact  for  the  missing 
formations. 

In  Cretaceous  time  a  great  promontory  of  land,  formed  by  the 
union  of  the  Ozark  and  Ouachita  ui)lifts,  stretched  from  Missouri  and 
Arkansas  southwesterly  across  Indian  Territory  to  the  Pan  Handle  of 
Texas.  This  promontory  had  its  origin  in  the  elevation  of  the  Alle- 
gheny continent  at  the  close  of  the  Carboniferous.  The  land  nearest 
to  the  Black  Hills  on  the  east  during  the  Upper  Cretaceous  was  the 
northwestern  shore  of  this  upheaval,  which  crossed  central  Kansas  in 
a  line  running  northeastward  into  Iowa.  In  Jurassic  and  Lower 
Cretaceous  time  the  western  border  of  the  continent  may  have  been 
much  nearer  to  the  Black  Hills  than  in  the  Upper  Cretaceous.  Is  it 
not  probable  that  the  flora  of  the  Hay  Creek  region  may  have  been 
derived  from  the  east?  Further,  occasional  strong  winds  in  the  Black 
Hills  come  from  the  east  and  the  heavy  rain  storms  often  occur  with  a 
southeast  wind.  With  all  this,  with  the  origin  of  these  winds  in  the 
Gulf  of  Mexico,  with  the  great  extension  of  the  Gulf  of  Mexico  to 
southern  Illinois  in  the  Mesozoic,  may  not  easterly  winds  have  been 
more  prevalent  and  assisted  in  the  migration  of  the  plants  westward? 
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The  Cretaceous  shore  line  lies  400  to  450  miles  southeasterly  from 
the  Black  Hills.  The  Kootanie  country  is  situated  on  the  head  waters 
of  the  Columbia,  distant  750  miles  northwest  from  the  Hay  Creek 
coal  field.  Great  Falls,  Montana,  is  somewhat  nearer,  on  the  head 
waters  of  the  jMissouri. 

Since  writing  the  above  I  have  found  that  this  subject  has  been  gone 
into  extensively  by  C.  A.  White,  J.  S.  Diller,  and  T.  W.  Stanton,  and 
that  Dana  embodied^  their  views  in  a  map  of  North  America  in  the 
Cretaceous  period.  According  to  this  map,  the  Kootanie  region  would 
lie  on  the  northeastern  shore  of  the  Pacific  border-'  and  naturally 
would  belong  to  a  different  fioral  province.  The  tiny  dot  on  the  map 
representing  the  Black  Hills,  in  the  middle  of  the  Cretaceous  area, 
seems  possibly  to  have  derived  its  fiora  from  the  Alleghany  continent. 
At  the  present  day  not  only  the  plants,  but  many  of  the  animals  and 
birds,  are  of  eastern  species. 

7.  Absence  of  eertain  forms  of  life  in  the  Cretaceous  formation  of  the 
Hay  Creeh  coal  field. — Many  forms  of  life  which  naturally  would  be 
expected  to  occur  preserved  in  the  sedimentary  strata,  appear  to  be 
absent.  This  is  the  more  remarkable  because  the  conditions  of  climate 
and  of  deposition  and  the  known  occurrence  of  a  most  varied  fauna 
and  flora  in  other  parts  of  the  country  during  Cretaceous  time  would 
seem  to  have  been  favorable  not  only  to  abundant  life,  but  also  to  its 
preservation  in  the  fossil  state.  It  is  true  that  such  evidence  is  of  a 
negative  character,  and  that  the  collections  made  even  in  the  richest 
plant  localities  are  scanty,  yet  it  is  not  without  value  in  throwing  some 
light  ou  the  conditions  which  subsisted  in  this  region  during  the  depo- 
sition of  the  Hay  Creek  beds. 

a.  Absence  of  cycads. — Careful  search  was  made,  without  success,  for 
silicified  trunks  or  cycads,  such  as  are  found  abundantly  near  Minne- 
kahta  station  in  the  southern  part  of  the  Black  Hills.  Photographs 
of  these  cycads  were  shown  to  a  number  of  cattlemen  and  settlers,  but 
no  one  could  recall  ever  having  seen  anything  resembling  them.  The 
abundance  ol'  silicified  wood  shows  that  the  conditions  were  favorable 
for  their  preservation. 

b.  Scarcity  of  dicotyledons  in  the  collections  made, — The  collections 
were  forwarded  to  Washington  by  mail,  for  which  reason  selected 
material  only  was  i)rcserved,  but  in  making  the  selection  all  the  mate- 
rial left  on  the  ground  was  cai  efully  examined  for  impressions  of  leaves 
of  anything  resembling  dicotyledcms.  Only  two  or  three  were  lound, 
all  in  the  beds  of  division  No.  2.  In  division  No.  1,  Dakota  sand- 
stone, dicotyledons  occur  in  favorable  localities,  but  are  mostly  ])oorly 
preserved  and  dillicult  to  identify. 

c.  Absence  <tf  marine  beds  in  the  Dalcota  group  of  Neicton. — The  cal- 
careous clays  of  division  No.  5,  later  .Jurassic,  appear  to  hasc  been 
dejxisited  in  brackish  waters.  A  small  ammonite,  a  fragment  of  a 
shell  lesembling  Unio,  and  a  few  other  small  and  poorly  preserved 
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shells  were  found  in  layers  of  impure  argillaceous  limestone.  These 
fossils  bear  resemblance  to  Jurassic  forms.  All  the  beds  of  the  Lower 
Cretaceous  and  of  the  Dakota  sandstones  have  been  formed  in  fresh 
water. 

d.  Prevailing  absence  in  the  strata  of  the  Lower  Cretaceous  and  in  the 
Dakota  sandstone  of  all  forms  of  life  commonly  occurring  in  bodies  of  fresh 
water. — Fossil  bones  of  many  species  of  the  Atlantosaurus,  as  well  as 
turtles,  tortoises,  birds,  and  small  mammals  are  described  by  Marsh  from 
the  Atlantosaurus  beds  of  Colorado,  Wyoming,  and  the  eastern  slope 
of  the  Black  Hills.  Elongated  vertebrae,  similar  to  the  forms  figured 
by  Marsh,  were  found  in  the  beds  of  division  No.  5  in  the  Hay  Creek 
region,  the  supposed  equivalent  of  the  Atlantosaurus  beds  of  Marsh. 

From  the  base  of  division  No.  4  to  the  top  of  No.  1,  the  Dakota  sand- 
stone, although  many  exposures  were  carefully  examined  and  an  area 
of  nearly  120  square  miles  gone  over,  yet  not  even  a  fragment  of  a  fossil 
bone  was  anywhere  found,  not  a  single  specimen  of  a  fresh  water  or 
land  shell;  neither  are  there  in  the  beds  any  visible  comminuted  frag- 
ments of  shells.  Insects  also  seem  to  be  wanting.  What  can  be  the 
reason  that  while  the  beds  in  divisions  No.  1,  No.  2,  and  No.  3  were 
formed  in  a  body  of  fresh  water,  supposed  to  have  stretched  for  hundreds 
of  miles,  fishes,  turtles,  reptiles,  and  aquatic  birds  have  left  no  trace  of 
their  presence?  Neither  can  I  recall  finding  any  fossil  plants  of  species 
which  would  be  aquatic  in  growth. 

Fossil  wood,  which  is  very  abundant  in  the  upper  beds  of  division 
No.  2,  and  occurs  more  sparingly  in  divisions  No.  3  and  No.  4,  is  nowhere 
found  to  have  been  attacked  by  boring  mollusks.  This  is  merely  an 
evidence  of  the  absence  of  the  sea  or  of  brackish  water,  all  mollusks 
which  attack  wood  being  marine  j  but  lhave  thought  it  best  to  record 
the  fact. 

Whatever  may  have  been  the  character  of  the  vast  body  of  fresh 
water  in  which  these  beds  were  deposited,  it  is  reasonably  certain  that 
it  must  have  had  an  outlet,  and  during  the  time  that  the  beds  of  divi- 
sions No.  4,  No.  3,  No.  2,  and  No.  1  were  forming,  it  could  never  have 
been  saline  to  such  a  degree  that  chemical  precipitates  would  occur, 
such  as  are  characteristic  of  salt  lakes — lakes  without  outlet.  All  the 
beds  of  these  divisions  are  either  clays  or  sands.  Chemically  pre- 
cipitated beds,  as  limestones,  calcareous  sediments,  gypsum,  and  marls 
carrying  peroxide  of  iron,  are  absent.  With  the  exception  of  con- 
cretions of  limonite,  which  occur  quite  abundantly  in  the  Dakota  sand- 
stone, much  of  which  is  probably  of  recent  formation  from  atmospheric 
waters,  all  the  iron  in  these  beds  is  in  the  form  of  peroxide. 

Briefly  reviewing  the  evidence,  it  may  be  remarked  that  the  coal  of 
division  No.  4  and  its  accompanying  shales  were  deposited  in  local 
marshes,  occupying  depressions  eroded  in  the  Jurassic  surface.  The 
coal  was  evidently  formed  where  the  vegetation  grew.  The  beds 
resemble  the  coal  formations  of  the  Carboniferous  in  having  underclay 
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and  overclay,  the  latter  carryiug-  impressions  of  fossil  plants,  and  also 
in  the  character  of  the  coal  itself — dry,  black,  noncoking,  with  little 
ash  or  sulphur. 

The  third  division  oi)ened  with  alternating  conditions,  forming  thin 
coals  interbedded  with  shales  and  soft  sandstones,  but  closed  with  a 
considerable  sinking  of  the  region  and  the  deposition  of  a  persistent 
sandstone  covering  the  whole  Hay  Creek  region  and  dipping  northerly 
and  easterly  until  concealed  beneath  the  marine  beds  of  the  Uj)per 
Cretaceous. 

Division  No.  2  opens  with  the  formation  of  a  heavy  sandstone,  con- 
tinuous over  a  great  area.  The  lower  stratum  of  this  sandstone  is  in 
many  localities  a  conglomerate  or  breccia,  and  there  are  evidences  that 
the  underlying  No.  3  sandstone  suffered  some  denudation  before  the 
deposition  of  the  No.  2  sandstone. 

These  sandstones  show  evidences,  in  ripple  marks,  in  cross  bedded 
structure,  in  layers  of  coarse  sand,  and  in  a  few  beds  of  conglom- 
erate, that  they  were  deposited  in  shallow  water  by  currents  having 
frequent  changes  of  direction.  Division  No.  2  closes  with  beds  of  clay 
and  sandy  shale,  and  locally  thin,  irregular  seams  of  impure  coal, 
deposited  in  quieter  waters  and  during  alternating  changes  of  level. 
The  evidence  is  seldom  seen  of  denudation  having  taken  place  on  the 
surface  of  division  No.  2  before  or  accompanying  the  deposition  of  the 
Dakota  sandstone,  because  the  contact  of  the  two  divisions  is  in  most 
l)laces  concealed. 

The  Dakota  sandstone  shows  more  than  any  other  sandstone  the 
effect  of  currents  of  water  in  its  formation.  The  sediment  varies  widely 
in  character  in  short  distances  and  in  different  beds.  Broad  sheets  of 
heavy  ripple  marks  occur,  cross-bedded  structure  is  strongly  marked, 
and  iron  in  the  form  of  limonite  is  abundant  in  certain  layers.  In  short, 
from  an  examination  of  the  beds  there  is  no  evidence  that  the  conditions 
which  existed  in  the  Hay  Creek  region  during  the  Lower  Cretaceous 
were  either  unftivorable  to  the  existence  of  life  or  to  the  preservation  of 
the  life  record  in  the  rocks.  The  land  was  entirely  above  water  at 
certain  epochs,  with  marshes,  swamps,  and  shallow  isolated  lakes  in 
the  depressions  between  the  hills.  These  conditions  were  permanent 
long  enough,  during  the  deposition  of  the  beds  of  division  No.  4,  to 
form  in  the  deeper  basins  solid  coal  3  to  5  feet  in  thickness,  free  from 
partings  of  shale. 

Later,  in  early  Creta(!eous  time,  there  were  intervals  of  cjuiet  waters 
depositing  fine  sediments — clays,  sandy  shales,  and  line  sandstones. 
To  these  mud  flats  succeeded  widespread  deposits  of  sand,  laid  by  swift 
currents,  and  rii)ple-marke(l  by  the  waves.  High  winds  occurred, 
which  tore  branches  from  trees  and  leaves  from  ierns  ;iihI  bore  them  to 
shallow  sand  flats,  where  they  were  buried  and  pieservecl.  It  was  the 
age  of  rei)tiles  and  reptilian  birds,  yet  not  a  bone  or  tooth  marks  their 
I)resence. 
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What  was  the  nature  of  the  body  of  this  fresh  water  stretching  for 
hundreds  of  miles,  without  land  or  fresh-water  shells,  with  no  trace 
preserved  of  fishes'?  Contrast  the  paucity  of  all  life,  save  plants,  in 
these  Lower  Cretaceous  beds  with  the  wonderful  preservation  of  fossil 
forms,  particularly  dinosaurs,  in  the  Laramie  formation  of  Converse 
County,  Wyoming,  southwest  of  the  Black  Hills. 

In  conclusion,  it  is  not  improbable  that  the  absence  of  cycads  may 
have  been  due  to  unfavorable  climatic  conditions  on  the  northern  slope 
of  the  Black  Hills.  The  cycad  locality  near  Minnekahta  station  is  on 
the  southern  slope  of  the  Hills,  90  miles  south  of  the  Hay  Creek  coal 
field,  and  may  in  early  Cretaceous  time  have  had  a  milder  climate 
than  the  more  northern  region. 

Until  all  the  different  coal  basins  lying  on  the  southern  and  western 
border  of  the  Black  Hills  have  been  investigated  and  particular  search 
has  been  made  for  dicotyledons  but  little  can  be  argued  from  their 
apparent  absence  in  the  Hay  Creek  region.  The  Lower  Cretaceous 
coDipletely  encircles  the  Black  Hills,  and  the  outcrop  of  the  beds  of 
this  age  forms  a  narrow  belt  along  the  eastern  foothills  at  the  edge  of 
the  plains.  On  the  southern,  western,  and  northern  sides  the  area 
covered  by  this  formation  is  much  greater,  and  isolated  basins  occur  near 
Minnekahta,  at  the  Cambria  coal  mines  near  Newcastle,  Wyoming,  at 
Inyankara,  and  west  of  Sundance,  Wyoming,  where  more  or  less  valu- 
able and  extensive  deposits  of  coal  have  been  opened.  It  is  a  great 
field,  and  the  collections  made  are  but  an  indication  of  what  may 
be  reasonably  looked  for  as  the  result  of  a  thorough  investigation  of  the 
Lower  Cretaceous  belt.  The  Dakota  sandstone  at  Evans  quarry,  near 
Hot  Springs,  South  Dakota,  carries  finely  preserved  dicotyledons.  A 
limited  collection  was  made  from  this  locality  by  Professor  Ward  in 
September,  1893,  described  below  (pp.  702-709,  Pis.  CLXX-CLXXII ). 
In  the  Hay  Creek  region  the  Dakota  sandstone  carries  fossil  plants  in 
the  upper  beds,  but  in  all  the  localities  examined  the  plant  remains 
were  so  decomposed  and  carbonized  that  none  were  collected. 

It  might  be  argued  that  the  prevailing  absence  of  land  and  fresh- 
water shells  in  the  Lower  Cretaceous  of  Hay  Creek  was  due  to  the  dis- 
solving action  of  carbonic  acid  produced  by  the  oxidation  of  the  carbon 
and  organic  matter  in  the  beds.  But  this  cause  would  not  account 
for  the  nonpreservation  of  the  bones  of  reptiles,  which  are  largely 
composed  of  lime  phosphate. 

The  different  beds  vary  in  composition  from  nearly  pure  clays,  with 
very  little  organic  matter,  to  carbonaceous  shales  which  will  burn  like 
impure  cannel  coal;  from  sandstones  filled  with  carbonized  plant 
remains,  in  every  gradation,  to  almost  pure  sand.  Further,  it  has  been 
shown  that  these  beds  have  been  deposited  under  most  varied  condi- 
tions, so  that  it  is  not  reasonable  to  invoke  the  destructive  action  of 
carbonic  acid  to  account  for  the  nonpreservation  of  fossil  forms,  largely 
composed  of  lime  carbonate,  throughout  several  hundred  feet  of  strata 
covering  so  great  an  area.    Had  this  been  the  cause  there  would  have 
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occurred  exceptional  localities  with  the  preservation  of  calcareous 
fossils.^ 

SECTIONS  OF  THE  HAY  CREEK  COAL  FIELD. 

The  following  is  a  section  of  Cretaceous  strata  on  the  cliff  on  the 
east  side  of  the  canyon  of  Oak  Creek,  about  2  miles  north  of  Eobbins 
Eaiich,  Crook  County,  Wyoming: 


Section  in  Oak  Creek  Canyon. 

Top  of  plateau.  Feet. 

11.  Red  sandstone,  much  denuded   2 

10.  Carbonaceous  shale,  with  thin  coal   1 

9.  Red  sandstone   10 

8.  Shales  and  sandstones  on  partly  exposed  slope   60 

7.  Carbonaceous  black  shale,  coaly   1 

6.  Drab  sandstone  shales,  with  finely  preserved  plant  remains   4 

5.  Yellow  sandstone   3 

4.  Drab  clay  and  sandy  shales   2 

3.  Gray  sandstone   7 

2.  Gray  sandy  shales   5 

1.  Black  carbonaceous  shale,  base  of  clilf,  creek  bottom   4 


Total  exposure   99 


The  Dakota  sandstone,  beds  9,  10,  and  11,  is  here  but  a  remnant 
left  by  erosion.  A  mile  to  the  southeast  this  formation  outcrops  GO  to 
80  feet  in  thickness  along  the  cliffs  at  the  edge  of  the  plateau. 

Beds  1  to  8,  inclusive,  are  placed  in  Eo.  2  division.  Only  a  part  of 
the  strata  of  this  division  is  exposed,  the  lower  beds  lying  beneath  the 
water  in  Oak  Creek. 

Bed  G  is  a  remarkably  productive  plant-bearing  stratum,  and  deserves 
more  extended  exploitation.  This  plant  horizon  is  the  highest  in  division 
No.  2  from  which  collections  were  made,  being  61  feet  below  the  base  of 
the  Dakota  sandstone.  The  locality  is  only  reached  from  the  plateau 
above,  on  the  southeast  side  of  Oak  Creek.  The  bed  yielding  plants 
outcrops  at  the  top  of  the  cliff,  which,  like  a  wall,  incloses  the  contracted 
bottom  of  Oak  Creek. 

Bed  No.  1  is  here  barren  of  plants,  but  is  traced  by  openings  made  in 
search  of  coal  along  the  base  of  the  cliff  to  the  bluff  near  Bobbins 
Ranch,  where,  in  the  overlying  shales,  many  ])lants  were  found. 

It  is  also  the  strati  graphical  ecjuivalent  of  the  plant-bearing  shales 
on  Pine  Creek,  2  to  2h  miles  west  of  Mrs.  Dorset's  ranch,  distant  7  to 
8  miles  west  from  the  Oak  Creek  localities. 

Below  is  given  a  section  of  Lower  Cretaceous,  exposed  on  the  north 
bank  of  Pine  Creek,  2  miles  west  of  Mrs.  Dorset's  ranch: 


Section  on  Ihr  norfli  side  of  I'lne  Creek. 
Top  of  low  ri<l;ro.  ¥vvt. 

12.  Massivf;  ;;ray  sandstone,  weatln  riii;;  in  lai<;<'  blocks,  stained  on  snrface 

Indian  n;d  to  iron  black   30 

11.  Light-«;ray  sandy  shales,  base  not  exjiosed     5 


'  I'rofesHor  Merk,  in  Inv»;rtfbrate  l*uleoiit<»logy,  iu)te.<*  caMta  of  foswil  hIm-IIs  in  Dakotii  alon;^  tho 
Missouri  River. 
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Feet. 


10.  Unexposed  slope   30 

9.  Yellow  sandstone,  weathering  brown   4 

8.  Gray  clay  shales,  base  covered   4 

7.  Unexposed  slope   28 

6.  Yellow  sandstone,  thin  bedded   8 

5.  Gray  sandy  shales   2 

4.  Clay  shales  with  imperfectly  preserved  plants   2 

3.  Unexposed  slope   6 

2.  Yellow  sandstone,  thin  bedded   3 

1.  Gray  sandy  shales  with  well-preserved  plants,  forming  low  bluff   14 


Total  exposure   136 

Unexposed  slope  to  water  of  Pine  Creek   5 


Bed  12  forms  the  base  of  the  Dakota  saudstoue.  All  the  rest  of  the 
section  is  included  in  division  No.  2. 

The  section  is  important  from  the  large  collection  of  plants  obtained 
from  b(  d  No.  1  near  the  roadside  along  the  bank  of  Pine  Greek.  This 
horizon  is  lOG  feet  below  the  base  of  the  Dakota  sandstone. 

About  one  half  mile  southwest,  on  the  opposite  side  of  the  ravine 
traversed  by  Pine  Creek,  the  same  beds  appear  at  the  top  of  a  sand- 
stone cliff',  where  the  following  section  was  measured: 

Section  on  the  south  aide  of  Fine  Creek. 


Unexposed  slope  with  Dakota  sandstone  at  top  not  measured.  Feet. 

9.  Yellow  sandstone   7 

8.  Gray  sandy  shales,  partly  exposed   6 

7.  Light-gray  sandstone   5 

6.  Gray  sandy  shales   3 

5.  Gray,  drab,  and  black  sandy  shales,  locally  a  black  coal  with  abundant 

fossil  plants   5 

4.  Gray  sandy  shales   5 

3.  Massive  soft  yellow  sandstone,  the  upper  layers  somewhat  shaly,  with  occa- 
sional plant  remains   35 

2.  Drab  clay  shale   1 

1.  Conglomerate  of  small  pebbles,  base  not  seen   2 

Unexposed  talus  to  creek   30 


Total  exposure   99 


All  beds  here  numbered  are  embraced  in  division  No.  2. 

The  conglomerate  bed  1  resembles  the  stratum  marking  the  uncon- 
formity of  divisions  Nos.  2  and  3  in  the  sections  measured  at  the  Barrett 
and  the  Larrabee  and  Young  coal  mines.  Uniting  these  sections,  the 
thickness  of  division  No.  2  is  149  feet.  Bed  5  of  this  section  is  the  same 
as  the  plant-bearing  bed  1  of  the  section  half  a  mile  below  the  north 
side  of  the  creek.  From  this  bed  5  and  from  the  underlying  sand- 
stone a  number  of  fossil  plants  were  collected. 

These  localities  on  Pine  Creek  are  rich  in  well-preserved  j)lants,  are 
actcessible,  and  can  easily  be  found  from  the  data  here  given. 

The  following  is  a  section  of  Cretaceous  strata  at  Rollins  tunnel, 
about  IJ  miles  southeast  of  Eobbins  Eanch,  Crook  County,  Wyoming. 
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Section  at  Rollins  tunnel. 

Top  of  plateau.  Feet. 

9.  Soft  massive  reddish  sandstone,  forming  low  bluif   10 

8.  Unexposed  slope   25 

7.  Massive  sandstone,  ocher  yellow,  tbin  bedded  at  base   20 

6,  Unexposed  slope   35 

5.  Sandstone,  oclier  brown,  thin  bedded   6 

4.  Unexposed  slope   20 

3.  Gray  sandy  shales   8 

2.  Black  carbouaceons  shales  with  finely  preserved  plants   3 

1.  Drab  clay  shales   5 


Total  exposure  :   132 


Bed  9  forms  the  basal  stratum  of  the  Dakota  sandstone  covering  the 
top  of  the  i^latean.  All  the  other  beds  are  in  division  No,  2.  The 
plant  horizon,  bed  2,  is  107  feet  below  the  base  of  the  Dakota  sand- 
stone and  is  stratigraphically  the  same  as  the  bed  of  black  shales  at 
Eobbins  Ranch,  Oak  Creek,  and  at  the  localities  2  to  2J  miles  west  of 
Mrs.  Dorset's  ranch  on  Pine  Creek.  This  plant  locality  is  in  a  short 
tunnel  opened  at  the  bottom  of  a  narrow  dry  ravine  in  the  plateau 
extending  easterly  from  Oak  Creek  to  the  State  line. 

Below  is  given  a  section  of  the  Cretaceous  strata  exposed  on  the  top 
of  the  plateau  and  in  the  bluffs  along  Oak  Creek,  near  Kobbins  Kanch, 
Crook  County,  Wyoming. 


Section  on  Oak  Creek. 

Top  of  plateau.  Feet. 
17.  Drab-colored  clay  shales,  weathering  in  thin  lamellar  sandstone  and  sandy 

shales   2  to  30 

16.  Sandstone  and  sandy  shales   25 

15.  Black  carbonaceous  shales  with  charcoal  and  carbonized  plant  remains 

imperfectly  preserved   3 

14.  Sandstone,  thin  bedded   10 

13.  Massive  sandstone,  yellow  to  gray,  weathering  reddish  and  ocher  brown, 

forming  clift"   40 

12.  Unexposed  slope  with  outcrops  of  sandstone   60 

11.  Soft  massive  sandstone,  weathering  thin  bedded,  forming  top  of  blutt"  on 

Oak  Creek   15 

10.  I')lack  carbonaceous  shale  and  clay   3 

1).  Light  purplish  sandstone   10 

8.  Gray  clay  shales     2 

7.  Reddish-])urple  sandstone  and  sandy  shale  with  concretions  of  iron   4 

6.  Soft  yellow  sandstone   6 

5.  Clay  shales  and  sandy  shales  with  well-preserved  plants   2 

4.  (iray  shab-s   3 

3.  Carbonacef)US  black  shale   .3 

2.  Drab  clay   3 

1.  Saudstone,  base  not  exposed   5 


Total  expoHtin;   224 

Talus   20 

Water  in  Oak  (Jrcrk. 
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Bed  17,  the  Fort  Benton  shale,  rests  unconformably  on  the  denuded 
surface  of  the  Dakota  sandstone. 

The  whole  formation  dips  northeasterly  toward  the  Belle  Fourche 
Eiver,  where  the  Fort  Benton  has  a  thickness  of  at  least  300  feet. 

The  Dakota  sandstone,  here  78  feet  in  thickness,  includes  beds  13, 
14,  15,  and  16. 

Bed  15  is  locally  a  loosely  coherent  mass  of  vegetable  remains,  mostly 
leaves,  too  much  decomposed  to  be  determinable. 

The  remainder  of  the  section  lies  in  division  No.  2. 

Bed  5  yielded  the  collection  of  plants  described  by  Professor  Fontaine 
from  the  locality  "  Oliff  on  Oak  Creek,  near  Bobbins  Ranch,''  6  miles 
northeast  of  Barrett  post-office. 

Below  is  a  section  of  Cretaceous  strata  exposed  on  the  north  side  of 
the  valley  of  the  South  Fork  of  Hay  Creek,  at  the  Barrett  Coal  Mines 
1  mile  west  of  Barrett  post-office. 


Section  on  South  Fork  of  Hay  Creek. 
Top  of  hill.  reet. 
Soil,  saod,  and  gravel  resulting  from  weathering  of  the  Dakota  sand- 
stone  10 

19.  Massive  soft  yellow  sandstone   20 

18.  Unexposed  slope  of  hill   15 

17.  Outcrop  of  stratum  of  yellow-brown  sandstone   5 

16.  Unexposed  slope  of  hill   12 

15.  Yellow-brown  sandstone.   6 

14.  Purple  clays  partly  exj)osed   20 

13.  Yellow  sandstone,  thin  bedded    15 

12.  Massive  yellow  sandstone,  cross-bedded,  forming  cliff   45 

11.  Conglomerate  of  small  pebbles  of  flint  and  quartz   3 

10.  Breccia  of  angular  fragments  of  sandstone  and  shale  in  white  clay,  thick- 
ness varying  10  to  3 

9.  Yellow  sandstone  with  layer  near  base  of  brown  iron  sand   10 

8.  Massive  gray  sandstone,  weathering  in  thin  layers,  forming  cliff   40 

7.  Drab  clay  shales,  with  plant  remains  2  to  5 

6.  Soft  sandy  shales  with  carbonized  plants   2 

5.  Coal   1 

4.  Soft  yellow  sandstone   4 

3.  Drab  clay  shales   12 

2.  Coal   3 

1.  Drab  clay  shales   15 


Total  exposure   246 


The  base  of  the  above  section  is  probably  30  feet  above  the  top  of  the 
later  Jurassic,  which  outcrops  on  the  opposite  side  of  the  valley.  Beds 
1,  2,  3,  and  4,  a  thickness  of  34  feet,  lie  in  division  No.  4. 

The  bed  of  thin  coal,  5,  the  plant-bearing  shales,  6  and  7,  and  the 
cliif-forming  sandstone,  8  and  9,  form  division  l^o.  3,  58  feet  in  thick- 
ness. 

Sandstones  12  and  13  unite  to  form  the  persistent  sandstone  stratum 
of  division  ^o.  2,  which  outcrops  as  a  clift*  along  the  hillsides  in  many 
localities  in  the  area  drained  by  the  branches  of  Hay  Creek. 
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In  division  No.  2  are  the  beds  10  to  18,  both  inclusive,  aggregating 
124  feet. 

Bed  19,  a  low  cliff  near  the  crest  of  tlie  hill,  is  the  basal  stratum  of 
the  Dakota  sandstone.  It  forms  a  prominent  landmark  on  the  hilltoi)s 
along  the  north  and  south  sides  of  the  valley  of  the  South  Fork. 

In  this  section,  estimating  the  thickness  of  the  beds  intervening 
between  the  lowest  coal  and  the  later  Jurassic,  the  total  exposure  of 
Lower  Cretaceous  (No,  2,  No.  3,  and  No.  4  divisions)  is  246  feet. 

As  the  section  is  followed  westward  beds  6  and  7  vary  greatly  in 
thickness,  increasing  locally  to  30  feet,  and  finally  thinning  out  to  a 
stratum  only  2  or  3  feet  thick,  resting  unconformably  on  the  Jurassic. 

These  beds  form  a  j)ersistent  plant  horizon  throughout  the  Hay  Creek 
region.    From  this  locality  a  small  collection  was  made  of  fossil  plants. 

In  the  shales  over  the  lower  coal  fossil  wood  occurs  quite  abundantly. 

The  following  is  a  section  of  Cretaceous  strata  exposed  on  the  north 
side  of  the  valley  of  the  South  Fork  of  Hay  Creek  at  the  coal  mines  of 
Larrabee  and  Young,  IJ  miles  west  of  Barrett  jiost-office: 

Section  at  coal  mines  on  South  Fork  of  Hay  Creek,  near  Barrett. 


Top  of  liill.  Feet. 
Soil  and  sand  resulting  from  the  weathering  of  the  Dakota  sandstone 

forming  the  plateau                                                                            10  to  30 

20.  Soft  massive  yellow  sandstone   8 

19.  Soft  yellow  sandstone,  thin  bedded,  weathering  in  a  long,  grass-covered 

slope   15 

18.  Massive  soft  gray  sandstone   20 

17.  Soft  yellow  saudstone,  thin  bedded   15 

16.  Unexposed,  probably  clays  and  shales,  forming  a  grass-covered  slope   30 

15.  Soft  massive  shaly  sandstone   15 

14.  Gray  sandstone  shales,  partly  exposed   10 

13.  Massive  yellow-brown  sandstone   7 

12.  Unexposed  slope    40 

11.  Yellow  sandstone  with  concretions  of  iron  oxide   12 

10.  Shaly  sandstone   10 

9.  Yellowieh-brown  sandstone   3 

8.  Shaly  sandstone   4 

7.  Soft  yellow  sandstone   9 

6.  Breccia  of  fragments  of  decomposed  clay  shale  in  white  clay   3 

5.  Soft  yellow  sandstone   6 

4.  Massive  yellow  sandstone,  forming  cliif   30 

3.  Clay  shales  and  sandy  shales   3 

2.  Conglomerate  of  pebbles  and  sand,  with  bowlders  1  inch  to  2  inches  dianK'tor 

of  hard  sandstone  and  siliceous  limestone  ;ind  a  few  quart/  jicbblcs   8 

1.  Soft  sandstone  and  sandy  shales   20 

Top  of  the  Larrabee  shaft,  which  is  stated  to  be  sunk  to  a  dt  ptli  of  75  feet, 
passing  through  the  following  strata: 

Shahis,  clays,  an<l  soft  sandstone   55 

Coal   5 

Clay  and  shales   13 

Coal   2 


Total  exposii I e   373 
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In  the  above  section  the  Dakota  sandstone,  division  l^o.  1,  is  repre- 
sented by  17,  18,  19,  and  20,  aggregating  58  feet  in  thickness. 

In  division  ^o.  2  lie  beds  6  to  IG,  inclusive,  with  a  total  thickness  of 
143  feet. 

The  breccia  (bed  6  of  section)  marks  the  unconformity  with  the  under- 
lying strata.  In  this  locality  beds  7,  8,  9,  10,  and  11  of  division  'No.  2 
can  be  seen  to  unite  in  outcrop  and  form  a  continuous  cliff'  along  the 
hillsides  to  the  east  and  also  to  the  west  of  the  section  measured. 

In  the  same  manner  beds  4  and  5  of  division  No.  3  unite  to  form  a 
cliff.  One  mile  west  all  these  sandstones  unite  from  the  cutting  out  of 
the  intervening  shale  beds  and  form  a  single  cliff  60  to  70  feet  in  height, 
which  continues  westerly  for  2  miles  along  the  hills  bordering  the  north 
side  of  the  valley  of  the  South  Fork. 

Beds  1  to  5,  inclusive,  and  part  of  tlie  shales  in  the  shaft  should  be 
included  in  division  I^o.  3,  but  the  line  of  demarcation  from  the  under- 
lying coal  and  shales  of  division  No.  4  is  covered,  so  that  these  two 
horizons  can  not  be  here  separated. 

On  the  south  side  of  the  valley,  at  a  distance  of  half  a  mile,  the  later 
Jurassic  clays  outcrop  in  a  range  of  low  hills  at  such  relative  elevation 
with  the  coal  that  it  is  not  probable  that  more  than  25  feet  of  beds 
intervene  between  the  bottom  of  the  Larrabee  shaft  and  the  top  of  the 
Jurassic.  This  gives  the  total  thickness  of  the  Lower  Cretaceous  at 
this  exposure  302  feet. 

Plant  remains  occur  very  i^erfectly  preserved  in  the  shales  over  the 
lowest  coal  in  the  Larrabee  shaft.  Only  a  few  specimens  could  be 
obtained  at  the  time  of  the  examination,  owing  to  the  bad  air  filling 
the  shaft. 

The  following  is  a  section  of  Lower  Cretaceous  strata  at  Jolm  Barr's 
tunnel,  about  4 J  miles  east-northeast  from  Barrett  post-office.  Crook 
County,  Wyoming: 

Section  at  John  Barr's  tunnel,  near  Barrett. 


Top  of  low  ridge.  Feet. 

9.  Gray  coarse  sandstone  -   .  5 

8.  Massive  yellow  sandstone,  cross  bedded   30 

7.  Massive  soft  yellow  sandstone,  tliin  bedded   40 

6.  Coal,  imi)nre  and  sbaly   fto|- 

5.  Black  carbonaceous  shale  with  plants   2 

4.  Coal   1 

3.  Clay   2 

2.  Yellow  sandstone   4 

1.  Gray  clay  shale   5 


Total  exposure   89^ 


In  the  above  section  beds  8  and  9  belong  to  division  'No.  2,  and  the 
underlying  beds  are  in  division  No.  3. 

The  plant  horizon,  bed  5,  lies  approximately  150  to  175  feet  below  the 
base  of  the  Dakota  sandstone,  and  is  the  equivalent  of  the  beds  carry- 
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iiig  plants  at  the  Webster  ranch  and  in  shales  under  third  sandstone 
at  Barrett  coal  mines  and  other  localities  given  in  the  third  division. 

This  tunnel,  about  60  feet  long,  is  run  on  the  north  side  of  a  narrow 
ravine,  miles  north-northeast  from  Forks  post-office.  Half  a  mile 
above  this  tunnel  there  are  two  shafts  sunk  in  the  bed  of  the  ravine  by 
Williams  Brothers.  The  following  section  is  given  by  Mr.  Williams  of 
the  beds  passed  through  in  sinking  the  lower  shaft: 

Section  of  Williams  shaft,  near  Forks. 


Top  of  shaft  at  base  of  Sandstone  Cliff,  bed  7  of  last  section.  Feet. 

15.  Drab  clay  shales   20 

14.  Shaly  coal   1 

13.  Sandstone   1 

12.  Alternating  beds  of  shale  and  sandstone   12 

11.  Coal   i 

10.  Black  shale   2 

9.  vSandstone   3 

8.  Coal  and  shale   1 

7.  Clay   3 

6.  Sandstone   2 

5.  Black  clay  shale  changing  to  gray  shale  at  base   12 

4.  Sandrock   2 

3.  Shale  with  plants   2^ 

2.  Sandrock   6 

1.  "White  calcareous  clay  and  blue  clay   22 


Total  exposure   00 


Bed  1  is  later  Jurassic,  veritied  by  inspection  of  the  last  material 
excavated  in  the  bottom  of  the  shaft  and  left  on  the  dump. 

Bed  Xo.  3  and  some  of  the  associated  beds  may  belong  to  division 
No.  4,  though  that  formation  appears  to  be  wanting  in  this  eastern 
section  of  the  Hay  Greek  coal  field.  Nearly  all,  if  not  all,  the  beds  in  the 
shaft  above  the  Jurassic  clays  are  in  division  No.  3. 

Below  is  given  a  section  of  Lower  Cretaceous  and  Jurassic  strata 
exposed  near  Webster's  ranch,  4  miles  southeast  of  Barrett  post-office: 


Section  near  Webster's  ranch,  southeast  of  Barrett. 

Top  of  low  hill.  •  Feet. 

9.  Yellow  sandstone   14 

8.  Gray  clay  shales   12 

7.  Black  carbonaceous  shale  with  fossil  plants   4 

6.  Gray  shale   3 

5.  Unexposed   10 

4.  Soft  sandstone,  ocher  yellow   10 

3.  Whitish  gray  clays   20 

2.  Unexposed    7 

1.  Calcareous  sandstone  with  fossil  shells,  characteristic  Jurassic  species   2 


Total  exposure   S2 


111  the  above  section  beds  4  to  9,  inclusive,  are  placed  in  division  No. 
3.  The  ])rominent  sandstones  of  divisions  Nos.  2  and  3  form  cliffs  one- 
fourth  and  one-half  mile  north  of  this  point. 
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The  horizon  of  this  plant  bed  7  can  not  be  accurately  determined, 
but  is  not  more  than  200  feet  below  the  base  of  the  Dakota  sandstone. 

Division  Ko.  4  is  wanting  in  this  part  of  the  Hay  Creek  area,  and  the 
beds  of  division  No.  3  rest  unconformably  on  the  later  Jurassic. 

Beds  2  and  3  of  this  section  are  later  Jurassic  (division  I^o.  5)  and 
rest  unconformably  on  the  denuded  surface  of  the  marine  Jurassic 
bed  1. 

The  plants  collected  at  this  locality  were  obtained  from  shales  at  the 
entrance  to  a  tunnel  run  on  the  black  coaly  shales  in  search  of  a  work- 
able seam  of  coal.  This  tunnel  is  caved,  so  that  it  can  not  be  entered. 
It  is  reported  to  have  been  50  or  60  feet  long,  and  that  specimens  of 
well-preserved  plants  were  obtained  by  the  miners  working  there. 

This  plant  horizon  is  stratigraphically  equivalent  to  that  of  the 
localities  at  the  cliff  on  the  north  side  of  the  valley  of  the  south  fork 
of  Hay  Creek,  the  shales  under  third  sandstone  of  section  near  Bar- 
rett, and  the  beds  at  John  Barr's  tunnel,  from  all  of  which  small  col- 
lections of  plants  were  made. 

The  following  is  a  section  of  Cretaceous  and  Jurassic  strata  exposed 
on  the  hill  near  Lon  Cottle's  ranch,  1  mile  southwest  of  Barrett  post- 
office.  Crook  County,  Wyoming: 


Section  near  Lon  Cottiers  ranch,  southwest  of  Barrett. 

Top  of  hill.  Feet. 

Soil  and  gravel   5 

32.  Thin  bedded  ferruginous  sandstone   15 

31.  Massive  sandstone,  yellow,  and  irregularly  impregnated  with  iron  oxide, 

weathering  ocher  brown   35 

30.  Unexposed  slope  of  hill   20 

29.  Yellowish-brown  sandstone   5  » 

28.  Unexposed  slope   20 

27.  Yellowish-brown  sandstone   5 

26.  Unexposed  slope   20 

25.  Massive  yellow  sandstone,  cross  bedded   35 

24.  Yellow  sandstone,  weathering  in  thin  layers   35 

23.  Clay  shales  and  sandy  shales  .•   4 

22.  Soft  yellow  sandstone  ,   2 

21.  Drab  clay  shales  with  plant  remains   8 

20.  Coal   2 

19.  Gray  clay   1 

18.  Soft  sandstone,  ocher-brown  colored,  thick  bedded.   18 

17.  Soft  yellow  sandstone   8 

16.  Gray  sandy  shales   4 

15.  Soft  yellow  sandstone  '.   3 

14.  Gray  clay  shales   4 

13.  Coal,  impure  and  shaly   2 

12.  Yellow  sandy  shales   6 

11.  Drab  clay   3 

10.  Coal   1 

9.  Gray  clay   2 

8.  Gray  clay  shales   7 

7.  Carbonaceous  shale  with  thin  seam  of  coal   1 
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Feet. 


6.  Gray  sandy  shales   15 

5.  Carbonaceous  shales  with  fossil  plants   3 

4.  Soft  yellow  sandstone,  iron  stained   1 

3.  Light  gray  and  white  clay  with  calcareous  concretions  and  some  crystal- 
lized gypsum   35 

2.  Yellow  soft  sandstone  and  sandy  shales   6 

1.  Dral)  clay  shales  and  sandy  shales   13 

Unexposed   3 


Total  exposure   347 

Water  in  creek,  the  south  branch  of  the  South  Fork  of  Hay  Creek. 


In  this  section  beds  31  and  32  represent  division  No.  1,  the  ])akota 
sandstone. 

Beds  25  to  30,  inclusive,  aggregating  105  feet,  form  division  Xo.  2, 
which  is  at  this  locality,  from  the  union  of  the  two  massive  sandstones, 
beds  24  and  25,  into  a  single  cliff,  not  separable  from  division  No.  3. 

Division  No.  3  embraces  beds  19,  20,  21,  22,  and  23,  and  the  cliff 
sandstone  24;  in  all,  52  feet  of  strata.  Bed  21  is  the  persistent  plant 
horizon  of  this  division. 

In  division  No.  4  are  beds  4  to  18,  inclusive,  a  total  thickness  of  78 
feet;  bed  4  resting  on  the  eroded  surface  of  the  later  Jurassic. 

Beds  1,  2,  and  3,  aggregating  57  feet,  are  later  Jurassic,  and  cover 
nearly  the  whole  thickness  of  that  formation;  the  marine  Jurassic  out- 
cropping near  the  bed  of  the  creek  a  short  distance  west  of  this  section. 

Adding  40  feet  for  the  upper  beds  of  the  Dakota  sandstone,  removed 
by  erosion,  the  thickness  of  the  Dakota  group  of  Newton,  which  in- 
cluded division  No.  5  of  the  later  Jurassic,  is  387  feet. 

At  this  locality  the  strata  exposed  of  divisions  Nos.  2,  3,  and  4,  rep- 
resenting the  Lower  Cretaceous,  aggregate  230  feet. 

From  bed  5  a  small  collection  of  fossil  plants  was  obtained. 

THE  GEOLOGICAL  HISTORY  OF  THE  BLACK  HILLS.^ 
THE  CARBONIFEROUS. 

The  Black  Hills,  in  common  with  the  whole  Rocky  Mountain  region, 
were  deeply  submerged  beneath  the  ocean  in  the  early  Carboniferous, 
the  water  shoaling  near  the  close  of  the  j)eriod.  Thick  limestones  were 
first  deposited,  succeeded  by  alternating  beds  of  brilliantly  colored 
sandstones,  with  no  ajiparent  break  in  tlie  regular  deposition  of  the 
sediments  until  the  ])urple  limestone  of  tbe  Triassic,  lying  at  the  base 
of  the  Ked  Beds  in  the  divisions  of  Newton,  is  reached. 

There  are  strong  evidences  that  the  Carboniferous  strata  extended 
in  an  un])roken  sheet  over  the  entire  area  of  the  l^Iack  Ilills  uplift. 
Clilfs  of  Carboniferous  limestone  completely  encircle  and  inclose  the 


'The  Arfliean,  Caml»rian,  and  Silurian  are  Hot  forth  in  Newton's  roport  and  briefly  in  my  late 
"  Report  on  tin-  ^eolo;;y  and  on;  format  ion  of  tlio  liiack  H  IIIh  in  tlie  Union  Hill  mine  iuvestij^atiou  "  in 
the  Black  Uilla  Mining  Review  for  March  21, 18U6,  0-17. 
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central  metamorphic  area,  and  attain  an  elevation  far  above  the  surface 
of  the  slates  and  schists.  The  great  limestone  divide  in  the  northern 
central  hills,  though  its  surface  has  lost  several  hundred  feet  of  Car- 
boniferous strata  by  erosion,  has  an  elevation  equal  to  that  of  Harneys 
Peak,  the  highest  point  of  granite  in  the  Archean  area.  The  conclu- 
sion is  inevitable  that  these  Carboniferous  beds  were  at  one  time  con- 
tinuous over  the  central  part  of  the  hills  and  have  been  removed  by 
erosion.  The  beds  deposited  later,  i^rovisionally  included  in  the  Car- 
boniferous, are  sandstones  and  marls,  more  or  less  colored  by  peroxide 
of  iron,  in  every  shade  of  color — yellowish- white,  orange,  light  to 
dark  red. 

THE  TRIASSIC. 

It  is  as  yet  undetermined  whether  any  portion  of  the  Black  Hills  was 
dry  land  during  the  Triassic.  The  writer  found  near  the  head  branches 
of  Sundance  Creek,  in  the  Bear  Lodge  Eange,  evidences  of  faulting  and 
unconformity  between  the  Purple  limestone  and  the  later  sedimentary 
formations,  the  Lower  Cretaceous  abutting  on  upturned  Purple  lime- 
stone. 

The  characters  of  the  marls,  Purple  limestone,  gypsum,  and  other 
sediments  of  the  Red  Beds  indicate  a  deposition,  mainly  from  the 
action  of  chemical  forces,  taking  place  in  a  shallow  sea,  probably  cut 
oft'  from  direct  communication  with  the  ocean  and  subjected  to  recur- 
rent periods  of  desiccation,  all  the  beds  apparently  barren  of  life.  The 
marls  are  colored  by  peroxide  of  iron,  evidence  of  the  absence  of 
organic  matter  in  the  beds.  Some  evidences  of  unconformity,  much 
obscured  by  the  soft  nature  of  the  beds,  were  seen  in  the  exposures 
where  marine  Jurassic  rests  on  the  Bed  Beds. 

THE  MARINE  JURASSIC. 

The  Jurassic  opened  with  a  shallow  mediterranean  sea  teeming  with 
life.  The  small  size  of  the  mollusks  and  other  forms  preserved  in  the 
beds  of  the  marine  Jurassic  is  thought  to  be  evidence  that  the  water 
was  brackish.  The  reddish  and  purple  shades  of  color  in  some  of  the 
beds  of  fine  sediment  indicate  that  the  material  of  which  they  were 
composed  may  have  been  derived  from  the  erosion  of  the  Red  Beds  in 
adjacent  more  elevated  sections  of  the  Hills.  Fossil  wood  has  not  been 
found  to  this  date  in  the  marine  Jurassic,  though  it  is  abundant  in  the 
clays  of  the  later  Jurassic,  so  that  positive  evidence  is  wanting  of  the 
occurrence  of  areas  of  dry  land  in  this  epoch.  The  increase  in  thickness 
of  the  Red  Beds  and  marine  Jurassic  in  the  valley  of  Red  Water,  sep- 
arating the  Bear  Lodge  from  the  main  range  of  the  Beach  Hills,  is  an 
indication  of  the  proximity  of  land  furnishing  the  material  from  which 
the  sediments  were  derived.  The  Bear  Lodge  and  the  Black  Hills  are 
distinct  upheavals,  and  may  have  been  in  places  above  water  at  a  much 
earlier  period  than  has  been  heretofore  thought  probable. 
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THE  LATER  JURASSIC. 

An  interval  of  time  occurred  between  the  elevation  of  the  region 
which  raised  above  water  the  marine  Jurassic  beds  in  the  marginal 
belt  of  the  Black  Hills  and  the  deposition  of  the  later  Jurassic  (Xo.  5). 
The  elevation  was  locally  irregular;  the  Jurassic  and  underlying  lied 
Beds  were  bent  upward  into  ridges  and  gentle  folds,  still  traceable  in 
the  topography  of  the  region,  and  the  whole  surface  was  later  subjected 
to  erosion  which  wore  the  soft  strata  into  hills  and  valleys.  In  the 
depressions  in  this  eroded  surface  the  soft  clays  and  marls  of  the  later 
Jurassic  were  laid  down. 

Along  the  crests  of  the  Jurassic  ridges  in  the  Hay  Creek  coal  field 
the  later  Jurassic  is  absent.  All  the  evidence  derived  from  the  occur- 
rence of  the  beds  of  division  No.  5  tends  to  show  that  these  low  eleva- 
tions were  dry  land  in  that  subepoch.  The  old  eroded  Jurassic  surface 
is  in  places  well  exposed  to  investigation  in  the  Hay  Creek  field,  not- 
withstanding the  great  relative  modifications  in  the  elevation  and 
topography  of  the  Black  Hills  due  to  the  continental  elevation  of  the 
whole  liocky  Mountain  region  at  the  close  of  the  Cretaceous  and  to 
the  great  volcanic  disturbances  which  occurred  in  the  northern  part  of 
the  Hills  and  the  Bear  Lodge  Kange  during  the  Tertiary.^  The  sedi- 
ments of  the  later  Jurassic  were  evidently  formed  from  the  denudation 
of  the  marine  Jurassic  beds  in  the  vicinity.  Fossil  wood  is  quite  abun- 
dant in  the  clays  and  sands  of  the  later  Jurassic  (No.  5).  Saurian  bones, 
more  or  less  waterwornand  decomposed,  occur  locally  in  the  u^jper  beds. 

THE  LOWER  CRETACEOUS. 

An  elevation  of  the  region  occurred  at  the  close  of  the  Jurassic  or  at 
the  opening  of  the  Cretaceous,  shutting  oft'  the  area  surrounding  the 
Black  Hills  from  communication  with  the  ocean.  It  is  not  improbable 
that  this  elevation  of  the  land  was  continental  in  its  extent  and  involved 
the  great  basin  lying  between  the  Kocky  Mountains  and  the  western 
shore  of  the  Allegheny  continent,  stretching  from  the  Pan  Handle  of 
Texas  across  Indian  Territory,  Kansas,  Nebraska,  and  Iowa.  Some 
erosion  of  the  Jurassic  surface  occurred  before  the  coal  formation, 
division  No.  4  of  the  Lower  Cretaceous,  was  laid  down  in  local  swamps, 
basins,  and  irregular  channels  lying  between  the  low  hills  and  ridges 
of  the  post-Jurassic  topography. 

This  un(M)nformity  of  the  Cretaceous  and  Jurassic  is  strongly  marked 
in  many  places  in  tlie  marginal  belt  and  was  lirst  noted  by  Dr.  Franklin 
K.  Carpenter.^ 

Dining  Lower  Cretai^eous  time  many  oscillations  of  level  occinrcd; 
the  relations  of  diy  land,  swanips,  and  oi)cn  l>odies  of  shallow  fresh 

'  Vide  p»il)Ii.Hhfi«l  report  on  the  Geology  and  Ore  Formation  of  ihf  Black  Hills,  roA^rred  to  above,  p.  587. 
'I'rfliniinary  Report  of  the  Dakota  S<  hool  of  Mint-s  ujion  the  (ieology.  Mim  rul  KeHources,  and 
Mills  of  Ihe  lilack  Uill.s  of  Dakota,  Kapid  City,  1888,  i..  40. 
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water  appear  never  to  have  been  constant.  Only  in  the  deposition  of 
the  coal  in  division  No.  4  is  there  evidence  of  a  period  of  comparative 
quiet  sufficiently  long  to  admit  of  the  formation  of  workable  beds  of 
coal  in  the  Hay  Creek  field.  With  respect  to  relative  areas,  the  beds 
of  division  l^o.  4  cover  or  underlie  the  smallest  area.  Division  No.  5 
covers  nearly  all  the  marine  Jurassic  on  which  it  rests.  The  massive 
sandstones  of  divisions  Nos.  3,  2,  and  1  appear  to  have  extended  over 
the  whole  Hay  Creek  region  and  to  have  reached  nearly,  if  not  entirely, 
over  the  Bear  Lodge  Eange.  In  places  on  Hay  Creek  evidences  were 
observed  of  unconformity  between  division  No.  2  and  division  No.  3, 
a  break  in  the  uniform  deposition  of  the  beds  corresponding  to  the 
marked  change  in  the  flora.  Less  plainly  marked,  owing  to  the  soft 
nature  of  the  beds,  is  the  unconformity  between  the  clays  of  No.  2  and 
the  Dakota  sandstone  No.  1. 

UNCONFORMITIES    BETWEEN    THE    SEVERAL    DIVISIONS  OF   THE    DAKOTA    GROUP  OF 

NEWTON. 

Between  all  the  divisions  some  change  of  level  occurred,  some  eleva- 
tion or  depression  of  the  land,  some  advance  or  retreat  of  the  water, 
with  more  or  less  denudation  of  the  surface,  before  the  later  beds  were 
laid  down.  Yet  no  profound  disturbance  of  the  strata  or  upturning  of 
the  sedimentary  beds  occurred.  The  oscillations  of  level  were  quiet  and 
the  successive  deposits  of  clays,  sands,  and  intercalated  coals  appear 
to  be  nearly  conformable  in  position.  Only  by  examination  of  extended 
exposures  of  the  strata  are  the  evidences  of  unconformity  seen. 

The  unconformity  between  the  marine  Jurassic  and  division  No.  5,  or 
the  later  Jurassic,  is  well  defined.  The  greatest  unconformity  exists 
between  the  Jurassic  and  the  Lower  Cretaceous.  In  all  the  exposures 
examined  in  the  Hay  Creek  region  division  No.  4  always  rests  on  No.  5 
or  the  later  Jurassic,  but  in  many  places  the  beds  of  division  No.  4  are 
absent  and  division  No.  3  rests  directly  upon  No.  5.  Along  the  crests 
of  the  ridges  of  the  Post- Jurassic  topography  the  eroded  surface  of  the 
marine  Jurassic  is  overlain  directly  by  the  shales  and  massive  sand- 
stone of  division  No.  3.  No  positive  evidence  was  seen  of  unconformity 
between  divisions  No.  4  and  No.  3  in  exposures  where  the  contact  could 
be  examined. 

It  should  be  noted  that  No.  4  was  deposited  in  local  basins  of  limited 
extent,  covering  only  a  relatively  small  part  of  the  Hay  Creek  region, 
while  No.  3  stretches  broadly  across  the  field,  overlying  the  post- Jurassic 
ridges  and  reaching  far  up  into  the  Bear  Lodge  Range;  that  No.  4  was 
a  coal-forming  epoch  of  comparative  quiet,  but  that  in  the  deposition  of 
No.  3  there  was  evidently  a  slow  sinking  of  the  land  or  rising  of  the 
great  body  of  fresh  water  filling  the  Missouri  basin,  the  subepoch  open- 
ing with  quiet  waters  and  the  deposition  of  clays  and  thin  coals  and 
closing  with  the  formation  of  the  massive  cliff-forming  sandstone  (sand- 
stone No,  3),  which  covers  a  larger  area  than  the  lowest  beds  of  the 
same  division. 
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The  following  sketch  of  the  ideal  section  across  the  Hay  Creek  coal 
field  shows  this  reaching  out  of  No.  3  beds  onto  the  land,  the  w^aters 
rising,  and  each  successive  bed  advancing  farther  and  farther  on  to  the 
post- Jurassic  surface  until  all  the  local  elevations  were  buried  under 
sandstone  No.  3. 


Fto.  121.— Sketch  showing  the  extension  of  the  No.  3  beds  onto  the  land,  the  land  sinking,  the  waters 
rising,  and  each  successive  bed  advancing  on  the  denuded  Jura  surface  nntil  all  elevations  were 
buried  under  sandstone  No.  3;  a  coal-lbmiing  period  in  the  early  U"o.  3,  a  sandstone-depositing  in 
the  latter  part. 


While  no  marked  break  was  discovered  in  the  uniformity  of  the  depo- 
sition of  the  beds  between  No.  4  and  No.  3,  the  plant  horizon  in  division 
No.  3,  situated  in  the  shales  immediately  beneath  the  No.  3  sandstone, 
can  be  distinguished  in  collecting  from  the  plant-bearing  beds  of  clay 
overlying  the  coal  at  the  base  of  No.  4  by  the  greater  abundance  in 
the  Hay  Creek  region  of  certain  forms  of  plant  life.  In  No.  3  the  leaves 
of  Cycadacea3  (Zamia-like  forms),  commonly  in  a  fragmentary  condition, 
are  abundant,  while  in  No.  4  there  are  more  ferns,  usually  with  delicately 
cut  fronds,  together  with  remains  of  conifers. 

Unfortunately,  good  exposures  of  the  plant  beds  in  division  No.  4 
are  rare  on  Hay  Creek,  and  the  collections  made  are  very  meager.  Still, 
the  plant  remains  found  impressed  the  writer  with  the  thought  that 
there  was  possibly  a  somewhat  warmer  climate  in  the  region  during  the 
deposition  of  No.  3  than  had  prevailed  in  the  coal-forming  epoch  of 
No.  4. 

Between  division  No.  3  and  division  No.  2  were  found  irregular  beds 
of  conglonierate  composed  of  water- worn  pebbles  embedded  in  clay,  and 
other  evidences  tliat  some  erosion  of  the  No.  3  sandstone  had  taken 
l)lace  prior  to  the  formation  of  sandstone  No.  2,  this  unconformity  mark- 
ing the  break  in  plant  life. 

The  u])])er  beds  of  division  No.  2  are  mostly  soft  clays,  clay  shales, 
and  sandy  shales,  so  that  evidence  of  unconformity  between  No.  -J  and 
the  Dakota  sandstone  No.  1  is  very  difficult  to  obtain.  Fui  tlicr,  tlie 
contact  at  the  ])ase  of  tlie  cliffs  of  tlie  Dakota  sandstone  is  rarely  ex- 
posed for  oljservation.  There  are  some  evidences  of  a  dcMUKhition  of 
the  No.  2  beds  before  the  deposition  of  the  Dakota  sandstone,  and 
the  great  bieak  in  i)lant  life  makes  this  more  prol)al)le.  The  Dakota 
sandstone  (;overs  an  immense  area  in  the  Missouii  basin,  and  from  the 
nature  of  its  formation  should  naturally  be  e\])e(;ted  to  be  unconloi  iii- 
abh*  to  the  Lower  ( 'r(*taceous.  on  whic^h  it  here  resfs. 
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The  unconformity  of  the  Dakota  sandstone  and  Fort  Benton  seems 
to  be  the  result  of  erosion  of  the  upper  beds  of  ^o.  1  by  the  advancing 
sea  depositing  the  Fort  Benton  clays,  the  profound  sinking  of  the 
region  admitting  the  ocean  into  the  Missouri  basin. 

DYNAMIC  GEOLOGY. 

The  relation  of  the  coal-bearing  areas  to  the  Black  Hills  uplift  and 
to  local  subordinate  uplifts  and  their  dependence  on  these  will  now  be 
considered. 

All  the  coal  beds  so  far  discovered  occur  in  the  outer  border  of  the 
Black  Hills,  in  such  proximity  to  influences  of  the  uplift  that  it  is 
somewhat  less  probable  that  workable  coal  of  division  No.  4  will  be 
found  beneath  the  later  formations  far  out  from  the  Hills  by  drilliug 
or  shafting.  The  condition  prerequisite  for  the  formation  of  coal — the 
elevation  of  the  land  above  water — seems  to  have  obtained  only  in  close 
proximity  to  the  uplift. 

In  the  deposition  of  the  beds  of  division  I^o.  3  the  conditions  were 
very  different  ;  there  were  widespread  marshes  forming  coals,  mostly  of 
too  limited  duration  to  admit  of  workable  beds  being  deposited  ;  oscil- 
lations of  level  and  frequent  changes  of  conditions,  both  of  life  and 
of  the  deposition  of  sediments,  being  the  rule.  Thin  coals  have  been 
found  in  No.  3  beds,  in  the  Belle  Fourche  well,  and  in  other  drill  holes 
put  down  through  the  later  formations;  also  iu  this  division  in  the  areas 
of  the  Dakota  group  resting  on  the  high  ridges  of  the  Jura  surface  in 
the  Hay  Creek  region. 

All  coals  occur  in  broad  expansions  of  the  belt  covered  by  the  Dakota 
group,  which  completely  encircles  the  Black  Hills  uplift,  and  also  in 
places  where  there  are  extensive  areas  of  Lower  Cretaceous  beds  nearly 
horizontal  in  dip.  Wliere  the  dip  (which  is  radial  from  the  centers  of 
uplift)  is  steep,  the  belt  is  narrow  and  no  coal  is  found.  For  this  reason 
the  narrow  outcrops  of  the  Dakota  group  fiom  Bear  Buttes  to  Buffalo 
Gap,  along  the  eastern  border  of  the  Hills,  do  not  carry  more  than 
thin  coals.    This  is  another  instance  of  the  influence  of  the  uplift. 

All  have  been  formed  in  local  basins,  channels,  and  depressions,  and 
in  some  cases  in  the  bottom  of  lakes,  eroded  in  the  Jura  surface,  so  that 
the  governing  factor  of  the  localization  of  the  coals  of  division  No.  4 
is  the  post- Jurassic  topography.  In  this  localization  the  depressions 
in  the  Jura  surface  have  been  influenced  by  locjal  uplifts  and  eleva- 
tions of  the  land  as  well  as  by  the  folding  of  the  Triassic  and  Jurassic 
beds,  and  also  by  certain  faults,  which  in  occurrence  antedated  the 
Cretaceous. 

Incident  to  this  deposition  of  the  strata  of  division  No.  4  in  local 
basins,  it  is  noticed  that  where  the  Dakota  group  is  thick,  particularly 
with  the  beds  of  divisions  Nos.  3  and  4.  the  coal  is  thick;  and  where 

/  7 

the  formation  is  thin  the  coal  beds  are  thin  or  absent.  It  has  also  been 
observed  that  the  sandstone  capping  the  coal  (the  No.  4  or  ocher  sand- 
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Gray  and  drab-colored  clay  shales,  with  some  thin-bedded  calcareous  sand- 
stones, all  of  marine  origin,  much  eroded  in  the  Hay  Creek  region. 
.  Unconformity  . 


Soft,  thin-bedded  yellow  sandstones,  with  sandy  shales,  commonly  ferrugi- 
nous. Local  beds  of  carbonaceous  shales  and  thin,  impure  coal  with  plant 
remains  occur.    The  strata  heavily  eroded. 

Massive  sandstone,  varying  in  hardness  and  color  with  the  amount  of  iron 
oxide  contained  in  the  beds.  Colors  yellow  to  ocher-brown,  weathering  on 
surface  iron-brown.  In  some  localities  a  white  sandstone.  Forms  a  prom- 
inent cliff  in  the  topography  of  the  region.    The  No.  1  sandstone. 


Unconformity 


Soft  sandstones,  clay  shales,  and  clays;  light-gray,  yellow,  and  shades  of  pur- 
plish red,  with  two  or  three  layers  of  thin  ferruginous  sandstone. 

A  persistent  carbonaceous  shale  with  plant  remains  occurs  90  to  100  feet 
below  the  base  of  the  Dakota  sandstone.  Division  No.  1,  as  indicated  in  the 
column. 


Carbonaceous  shale  with  plants,  3  feet. 

Massive  yellow  sandstone,  often  cross  bedded.  The  outcrop  of  this  sandstone 
commonly  combines  with  the  massive  sandstone  forming  the  top  of  Division 
No.  3,  making  a  prominent  cliff  along  the  slopes  of  the  valleys.  The  No.  2 
sandstone. 

— — —  Conglomerate,  2-3  feet. — Unconformity  " 


Massive  sandstone,  light-gray  to  ocher-yellow  in  color,  showing  on  weathering 
a  thin-bedded  structure.   The  No.  3  sandstone. 

Gray  clay  shales  with  plants. 

Clay  shales  with  local  thin  beds  of  impure  coal.   Fragments  of  fossil  wood 
are  abundant  in  the  clays.    Locally  this  bed  is  absent  in  the  section. 

Massive  sandstone,  ocher-yellow,  weathering  yellowish  brown  on  the  surface. 
The  No.  4  sandstone. 

Gray  and  drab-colored  clay  shales,  with  local  thin  coals.   Plant  remains. 

Coal.   Mined  at  the  mines  of  Larrabee  and  Young  and  at  Barrett. 

Gray  clay  shales  and  sandy  shales  with  plant  remains. 

Soft  gray  or  yellow  sandstones  with  carbonized  plant  remains. 


Unconformity 


Whitish  and  light-gray  clays  with  some  sandy  shales  and  concretions  ot 
white,  calcareous  clay.    The  upper  layers  carry  in  many  localities  fossil 
wood  and  the  bones  of  saurians.    Atlantosaurus  beds. 


Light- gray  thin-bedded  sandstone. 

Unconformity 


Marls,  clays,  sandy  shales,  and  soft  sandstones,  the  beds  colored  yellow,  gray, 
olive,  reddish,  and  dull  parple  shades.  Fossil  Ostrea,  Gryphaea,  etc., 
abundant. 


Fig.  122. — General  section  of  the  strata  occurring  in  the  Hay  Creek  coal  field.  Crook  County,  "Wyoming. 
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stone)  is  thick  when  the  underlying  coal  is  thick,  and  when  thin  seldom 
covers  workable  coal.  The  thickness  of  the  Dakota  sandstone  increases 
in  the  Bear  Lodge  Range,  and  in  no  way  appears  to  be  an  indication 
of  the  thickness  of  the  coals  lying  at  the  base  of  the  Dakota  gronj). 
Eliminating  the  Dakota  sandstone  and  division  Ko.  5,  the  relative 
thickness  of  the  coals  seems  to  be  indicated  by  the  thickness  of  divi- 
sions Nos.  4,  3,  and  2  5  that  is,  by  the  development  of  the  Lower  Creta- 
ceous— a  result  of  coal  sedimentation.  The  thickness  of  the  Lower 
Cretaceous  increases  from  the  margin  to  the  center  of  a  basin  or  coal 
field.  Not  only  do  the  individual  beds  increase  in  thickness,  but  new 
beds  are  intercalated  in  the  series.  The  coal  is  thick  near  the  center 
of  the  basin  and  thin  at  the  sides;  also,  impure  or  shaly  coals  become 
locally  purer  in  quality  toward  the  deeper  depressions  in  the  basin. 
The  Lower  Cretaceous  divisions  (l^os.  4,  3,  and  2)  may  thus  in  the 
aggregate  thickness  vary  between  a  minimum  of  100  feet  and  a  maxi- 
mum of  300  feet. 

The  rules  for  prospecting  for  coal  may  be  laid  down  as  follows :  That 
the  workable  coals  all  occur  in  local  basins  in  the  broad  areas  of  the 
Dakota  group;  that  when  the  Lower  Cretaceous  beds  are  thick,  coal 
may  be  sought  for,  but  when  thin  the  coal  is  thin  or  wanting;  that 
coal  is  wanting  over  high  ridges  in  the  Jurassic  and  occurs  only  in 
depressions  in  the  post-Jurassic  surface. 

PROPOSED  NAMES  FOR  THE  DIVISIONS. 

Xo.  1,  The  Dakota  sandstone. 

No.  2.  The  Oak  Creek  beds. 

No.  3.  The  Barrett  shales. 

No.  4.  The  Hay  Creek  coal  formation. 

No.  5.  The  Beulah  clays.^ 

V.  CRETACEOUS  FLORA  OF  THE  BLACK  HILLS. 

In  discussing  the  flora  of  the  Black  Hills  Cretaceous  it  has  seemed 
best  in  this  paper  to  divide  the  subject  and  treat  it  under  four  separate 
heads.  The  advantages  of  a  strictly  systematic  treatment  are  not 
ignored,  but  in  the  present  case  such  a  treatment  would  in  large  meas- 
ure obscure  certain  prominent  considerations  which  seem  to  outweigh 
those  of  system. 

The  great  predominance  of  the  fossil  cycads  in  the  Black  Hills  ren- 
ders it  desirable  that  they  be  brought  into  somewhat  clearer  relief  than 
would  be  secured  by  simply  allowing  them  to  occuj^y  their  natural 
position  in  the  general  botanical  arrangement,  and  I  have  thought  best 
to  emphasize  this  fact  by  not  only  assigning  to  them  a  separate  chai)- 
ter,  but  also  by  making  this  the  first  chai)ter  in  the  i)art  devoted  to  the 
flora. 


'Long  outcrops  of  division  Xo.  5  occur  3  or  4  miles  nortli  of  the  town  of  Beulah,  in  Red  Water 
Valley,  adjacent  to  the  Hay  Creek  coal  field. 

19  GEOL,  PT  2  38 


Posi- 
tion in 

the 
Black 
Hills. 

Geo- 
logic 
age. 

Forma- 
tion. 

Subdi- 
vision. 

Minor 
divi- 
sions. 

Thick- 
ness 
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"Water-bearii 

ig  character. 

Margin  of  the  plains. 

Upper. 

Fort  Benton. 

600  to  800. 

Marine  formation  covering  a  vast  area 
surrounding  the  Black  Hills. 

A  few  small  spring 
formation. 

1 

1  are  found  in  this 

; 

T] 

Cretaceous. 

Dakota. 

75  to  100. 

The  true  Dakota  sandstone.  Fresh- 
water deposition.  Occurs  in  the 
outer  rampart  of  hills  along  the 
Red  Valley. 

M 

Foothills. 

Lower. 

Coal,  plant,  and  cycad  beds. 

250  to  350. 

Formerly  included  in  the  Dakota 
sandstone.   A  fresh-water  deposit. 

These  sandstone  b 
cipal  water-bear 
Black  HiUs. 

}ds  form  the  prin- 
mg  strata  of  the 

CI 

: 

Mesozoic. 

Jurassic. 

Upper. 

Fresh  or  brackish  water. 

35  to  50. 

A  brackish-water  deposit  occurring 
on  the  outer  margin  of  the  Red 
Valley. 

Some  small  springs  flow  from  these 
beds,  commonly  with  more  or  less 
brackish  water. 

So; 
{ 

Lower. 

Marine. 

200  to  300. 

A  marine  formation  occurring  with 
the  overlying  beds. 

Soi 
s 
L 

Upper. 

Red  beds. 

300  to  350. 

By  erosion  forms  the  "Red  Valley" 
encircling  the  Black  Hills. 

A  few  small  springs  of  water  charged 
with  gypsum. 

oOJ 

I 

d 

rginal  zone. 

Triassic. 

Middle. 

Purple  limestone. 

25  to  35. 

Purple  limestone.  Marine.  Forms 
the  inner  boundary  of  the  "Red 
Valley." 

The  source  of  many  large  springs. 
"Water  usually  ol'  good  quality. 

Ha 

1: 

Lower. 

Variegated  sandstone. 

150  to  200. 

Variegated  sandstones.  Marine. 
Bound  the  "Red  Valley." 

Not  known  to  give 

rise  to  springs. 

Sol 
I 

Note. — On  the  Black  Hills  uplift  igneous  and  volcanic  rocks  have  been,  in  post-Crelj 
rhyolite,  and  phonolite.    The  rhyolites  and  trachytes  form  prominent  igneous  peaks — Terry,  C 

iceous  time,  intrud 
uster,  Crow,  and  B 

General  section  of  the  strata  occurring  in  the  Blacli  Hills, 


Character  of  the  strata. 


Thick  beds  of  clays  and  soft-clay  shales,  gray,  drab,  and 
black  in  color,  witn  some  thin  sandstones.  Certain  of 
the  beds  are  superior  brick  clays. 


Massive  sandstone,  with  somf  beds  of  clay  in  the  upper 
part.  The  whole  formation  is  more  or  less  ferruginous 
and  the  colors  of  the  rocks  vary  widely,  from  white 
and  yellow  to  iron-brown  in  localities  but  a  limited 
distance  apart.   Quarried  for  building  stone. 


Clays  and  massive  sandstones,  with  local  beds  of  coal  near 
the  base.  The  coal  lields  of  Cambria  (Newcastle)  and 
Hay  Creek  are  at  this  horizon. 


Soft  clays,  marls,  and  sandstones  of  white,  olive,  and  red- 
dish shades.   They  include  local  deposit*  of  fire  clay. 


Soft  thin-bedded  sandstones  and  shales  with  clays  and 
some  thin  shell  limestones.  The  beds  are  colored  yel- 
low, gray,  olive,  reddish,  and  purplish  shades. 


Soft,  disintegrating  sands,  marls,  and  clays  of  a  brilliant 
Indian  red  from  the  contained  iron,  with  local  irregular 
deposits  of  gypsum  mined  for  plaster. 
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Thick- 
ness 
in  feet. 


350  to  500 


300  to  400 


35  to  50 


40  to  50 


350  to  500 


25  to  35 
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Origin  and  mode  of  occurren( 


Marine.   Occurs  in  the  inner  foo 
and  central  divide. 


Marine.    Forms  the  great  centra] 
teau  and  borders  the  uplift. 


Marine.   Occurs  with  next  abov. 


Marine. 


Marine.  Borders  the  central  m 
morphic  area. 


Marine.  Occurs  outcropping  in 
zone  bordering  upon  the  metan 
phic  area. 


Metamorphic. 


Hard,  thin-bedded  limestone,  dark  colored  and  bitumi- 
nous, affording  when  burnt  a  remarkably  pure  white 
lime. 


Soft  sandstones  and  marls,  colored  all  shades,  from  yel- 
low, orange,  and  pink  t(»  light  and  dark  red. 


traded  through  the  Archean  metamorphic  slates  and  all  the  overlying  sedimentary  strata  from  the  Cambrian  to  the  Upper  C 
nd  Bear  Butte— in  this  section  of  the  Hills. 
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Character  of  the  strata. 

he  inner  foothills 

Seldom  gives  rise  to  springs  save  in 
the  central  divide  of  the  Black  Hills. 

Alternating  sandstones  and  limestones  in  massive  strata, 

with  some  beds  of  shales.   Prevailing  colors  gray  and 
white. 

great  central  pla- 

stone  sink  in  these  beds.  Springs 
occur  in  the  central  plateau. 

Massive  limestone,  gray  and  white  in  color,  often  cavern- 
ous.  Certain  beds  furnish  a  superior  white  lime. 

Drab  and  reddish  colored  shales.    These  shales  have 

h  next  above. 

nowhere  been  found  to  carry  fossils,  and  are  provision- 

This formation  is  not  known  to  give 
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ally  included  in  the  Trenton. 

Yellow  limestone  in  thick  beds.   Quarried  for  building 
purposes. 

16  central  meta- 

strata  almost  impervious  to  water 

Sandstones,  calcareous  shales,  and  clay  shales,  mostly 

where  not  fractured. 

thin-bedded,  gray,  drab,  and  reddish-brown  in  color. 

tcropping  in  the 
on  the  metamor- 

A  water  bearing  stratum,  owing  to 
the  wide  joints  and  fissures  in  the 
beds. 

Hard  quartzite  in  thick  beds,  gray,  brown,  and  iron 
stained,  with  a  coarse  conglomerate  locally  at  the  base 
in  contact  with  the  shales,  on  the  upturned  edges  of 
which  the  quartzite  rests  unconformably. 

Chloritic,  talcose,  and  hydromica  slates,  hornblendic  and 

Carries  but  little  water  relatively. 

mica  schists,  siliceous  slates,  and  hard  metamorphic 
quartzites  with  quartz  veins. 

he  Upper  Cretaceous.    These  igneous  rocks  are  in  great  variety,  including  porphyry,  trachyte, 
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stone)  is  thick  when  the  underlying  coal  is  thick,  and  when  thin  seldom 
covers  workable  coal.  The  thickness  of  the  Dakota  sandstone  increases 
in  the  Bear  Lodge  Kange,  and  in  no  way  appears  to  be  an  indication 
of  the  thickness  of  the  coals  lying  at  the  base  of  the  Dakota  groui). 
Eliminating  the  Dakota  sandstone  and  division  No.  5,  the  relative 
thickness  of  the  coals  seems  to  be  indicated  by  the  thickness  of  divi- 
sions Nos.  4,  3,  and  2 ;  that  is,  by  the  development  of  the  Lower  Creta- 
ceous— a  result  of  coal  sedimentation.  The  thickness  of  the  Lower 
Cretaceous  increases  from  the  margin  to  the  center  of  a  basin  or  coal 
field.  Kot  only  do  the  individual  beds  increase  in  thickness,  but  new 
beds  are  intercalated  in  the  series.  The  coal  is  thick  near  the  center 
of  the  basin  and  thin  at  the  sides;  also,  impure  or  shaly  coals  become 
locally  purer  in  quality  toward  the  deeper  depressions  in  the  basin. 
The  Lower  Cretaceous  divisions  (i^os.  4,  3,  and  2)  may  thus  in  the 
aggregate  thickness  vary  between  a  minimum  of  100  feet  and  a  maxi- 
mum of  300  feet. 

The  rales  for  prospecting  for  coal  maybe  laid  down  as  follows:  That 
the  workable  coals  all  occur  in  local  basins  in  the  broad  areas  of  the 
Dakota  group;  that  when  the  Lower  Cretaceous  beds  are  thick,  coal 
may  be  sought  for,  but  when  thin  the  coal  is  thin  or  wanting;  that 
coal  is  wanting  over  high  ridges  in  the  Jurassic  and  occurs  only  in 
depressions  in  the  post-Jurassic  surface. 

PROPOSED  NAMES  FOR  THE  DIVISIONS. 

Ko.  1.  The  Dakota  sandstone. 

No.  2.  The  Oak  Creek  beds. 

No.  3.  The  Barrett  shales. 

No.  4.  The  Hay  Creek  coal  formation. 

No.  5.  The  Beulah  clays.^ 

T.  CRETACEOUS  FLORA  OF  THE  BLACK  HILLS. 

In  discussing  the  flora  of  the  Black  Hills  Cretaceous  it  has  seemed 
best  in  this  j^aper  to  divide  the  subject  and  treat  it  under  four  separate 
heads.  The  advantages  of  a  strictly  systematic  treatment  are  not 
ignored,  but  in  the  present  case  such  a  treatment  would  in  large  meas- 
ure obscure  certain  prominent  considerations  which  seem  to  outweigh 
those  of  system. 

The  great  predominance  of  the  fossil  cycads  in  the  Black  Hills  ren- 
ders it  desirable  that  they  be  brought  into  somewhat  clearer  relief  than 
would  be  secured  by  simply  allowing  them  to  occui^y  their  natural 
position  in  the  general  botanical  arrangement,  and  I  have  thought  best 
to  emphasize  this  fact  by  not  only  assigning  to  them  a  separate  chap- 
ter, but  also  by  making  this  the  first  chapter  in  the  part  devoted  to  the 
flora. 


» LoDg  outcrops  of  division  No.  5  occur  3  or  4  miles  north  of  the  town  of  Beulah,  in  Red  Water 
Valley,  adjacent  to  the  Hay  Creek  coal  field. 
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The  fossil  forests,  though  less  important,  partly  because  so  imper- 
fectly worked  up,  nevertheless  possess  a  special  historical  value,  as  has 
been  shown,  and  the  one  species  systematically  described  will  be  placed 
under  a  special  head. 

The  remaining  material,  consisting  of  impressions  of  leaves,  fronds, 
fruits,  and  other  organs,  naturally  fall  under  two  separate  heads  on 
account  of  their  different  geological  positions,  those  from  the  lower  beds 
belonging  to  the  Lower  Cretaceous,  while  those  from  the  upper  ones 
belong  to  the  true  Dakota  group.  With  regard  to  the  former  of  these 
classes,  in  view  of  the  small  number  found  in  the  Minnekahta  region, 
most  of  which  also  occur  in  the  Hay  Creek  region,  it  has  not  been 
thought  best  to  treat  them  separately. 

Four  subdivisions  will  therefore  be  made  of  the  general  subject,  as 
follows : 

1.  Fossil  cycadean  trunks. 

2.  Fossil  forests. 

3.  Other  Lower  Cretaceous  plants. 

4.  Plants  from  the  Dakota  group. 

1.  FOSSIL  CYCADEAN  TRUNKS. 

In  the  historical  and  geological  portions  of  this  paper  it  lias  been 
necessary  to  discuss  the  occurrence  of  cycadean  trunks  in  the  Black 
Hills  at  considerable  length,  and  it  only  remains  to  speak  somewhat 
mpre  specially  of  the  particular  localities  from  which  the  important 
specimens  were  taken.    The  six  specimens  originally  purchased  of  Mr. 

F.  H.  Cole  were  all  reported  to  have  been  found  on  the  spot  to  which 
Messrs.  Cole  and  Payne  guided  my  party  in  1893,  viz,  on  the  southwest 
side  or  slope  of  the  middle  ridge  of  Bradleys  Flat.  These  embrace 
Nos.  1-6  of  the  collection  of  the  United  States  National  Museum,  and 
constitute  the  types  of  Cycadeoidea  dacotensis  (McBride)  Ward  emend., 
C.  Golei  n.  sp.,  G.  pulcherrima  n.  sp.,  G.  Paynei  n.  sp.,  and  G.  colossalis 
n.  sp.  No.  7,  which  is  the  type  of  G.  minnelialitensis  n.  sp.,  was  found 
by  me  on  the  same  spot,  as  were  also  Nos.  8-19,  mostly  fragments^  and 
representing  G.  McBridei  n.  sp.  (Nos.  8,  9, 10, 13, 14,  and  16),  G.  occidentalis 
n.  sp.  (Nos.  11,  12, 17,  and  18),  G.  Marshiana  n.  sp.  (No.  15),  and  possibly 

G.  minnelmlitensis  (No.  19).  The  small  specimen  obtained  from  Mr. 
Homer  Moore  in  1895  was  thought  by  him  to  be  from  this  locality, 
but  as  it  belongs  to  G.  Jenneyana,,  most  of  the  specimens  of  which  have 
been  found  in  the  Blackhawk  region,  I  regard  this  as  doubtful.  The 
two  specimens  belonging  to  the  Woman's  College  of  Baltimore  (Nos. 
1501  and  2128  of  the  museum  oi  that  college),  purchased  by  Mr. 
Arthur  Bibbins  at  the  World's  Columbian  Exposition  at  Chicago  in 
1893,  who  was  informed  by  the  person  who  sold  them  to  him  that  they 
were  from  the  Black  Hills  and  had  been  cut  and  polished  in  Germany, 
belong  also  to  G.  Jenneyana^  and  are  probably  from  the  Blackhawk 
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region.  The  two  specimens  obtained  by  Professor  Jenney  from  Mr. 
McBride  were  doubtless  correctly  represented  as  from  the  last-named 
region,  and  also  belong  to  G.  Jenneyana.  Two  other  specimens  which 
Professor  Jenney  obtained  for  nie  from  Mr.  Stillwell  are  from  the  same 
source.  One  of  them  represents  G.  Jenneyana^  and  the  other  is  the 
tyi>e  of  (7.  StillicelU  n.  sp.,  a  sj)ecies  which  also  occurs  in  the  Minne- 
kahta  region.  The  precise  locality  from  which  the  two  original  type 
specimens  of  the  first  of  these  species  were  obtained  has  already  been 
quite  fully  described  (sui)ra,  p.  502),  and  that  of  the  only  specimen 
known  of  0.  excelsa  n.  sp.  will  be  stated  as  accurately  as  the  data  jiermit 
under  the  description  of  tliat  spe(;ies  (infra,  p.  038). 

The  much  larger  number  of  specimens  (120)  represented  in  the  great 
Yale  collection  scarcely  extends  the  range  above  indicated.  With  the 
exception  of  No.  1  of  that  collection,  representing  G.  dacotensis,  and 
found  2  miles  west  of  Sturgis,  as  already  explained  (supra,  p.  548), 
these  specimens  all  came  from  the  Minnekahta  and  Blackhawk  regions. 
The  careful  survey,  however,  which  I  made  of  those  two  fields  in 
October,  1898,  having  Mr.  Wells  as  my  guide,  has  greatly  broadened 
the  earlier  conceptions  of  them,  aud  has  not  only  shown  that  the  area 
over  which  the  cycads  occur  in  both  is  quite  large,  but  also  that  their 
geological  position  is  everywhere  practically  the  same.  It  is  the  geo- 
graphical and  probably  only  to  a  limited  extent  the  geological  posi- 
tion that  gives  specific  variety  to  the  cycadeaii  flora  of  the  Black  Hills. 
The  commoner  species,  such  as  (7.  dacotensis,  G.  McBridei,  and  G, 
StiUivellij  will  probably  be  found  at  nearly  all  points  where  cycads 
occur,  while  the  rarer  ones  will  be  restricted  to  special  regions. 

An  important  extension  which  these  new  discoveries  has  made  in 
the  Minnekahta  region  is  the  development  of  the  large  cycad-bearing 
area  to  the  southeast  of  Minnekahta  station  eastward  from  Parkers 
Peak.  Mr.  Wells  pointed  out  where  he  had  ol)tained  a  large  number 
of  specimens  in  this  area,  but  with  the  exception  of  the  one  that  was 
so  striking  from  being  completely  chalcedonized  (No.  5  of  the  Yale  col- 
lection), I  was  unable  to  identify  any  of  the  specimens  from  his  verbal 
descriptions.  This  will  probably  be  done  in  the  future,  as  he  can 
doubtless  recognize  most  of  them  from  the  figures  in  this  paper.  As 
all  three  of  the  ridges  constituting  the  cycad  bearing  area  of  Bradleys 
Flat  are  immediately  adjacent  to  one  another,  this  may  be  regarded  as 
a  unit  so  far  as  the  geographical  distribution  is  concerned.  Mr.  Wells 
was  able  to  show  me  the  exact  spot  where  each  of  the  most  striking  of 
the  large  specimens  occurred.  Most  of  them  were  on  the  middle  ridge, 
but  No.  21  of  the  Yale  collection,  the  large  and  fine  specimen  that  con- 
stitutes the  type  of  the  new  species,  G.  Wellsii,  was  found  on  the  most 
southwesterly  of  the  three  ridges.  A  number  of  the  other  more  strik- 
ing specimens  were  also  found  there,  including  No.  14  of  the  Yale  col- 
lection, doubtfully  referred  to  6'.  minnekahtcuHis. 
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With  regard  to  the  Blackhawk  region,  it  is  equally  clear  that  prima- 
rily there  was  one  general  area  such  as  I  have  described,  and  that  the 
specimens  have  not  been  laterally  transported  to  any  great  distances. 
Those  found  at  lower  levels  may  be  regarded  as  having  probably  been 
imbedded  in  rocks  almost  vertically  over  where  they  occurred.  Kot 
only  are  the  slopes  to  the  south  and  southeast  of  the  amphitheater  the 
result  of  the  gradual  undermining  and  dropping  down  of  the  higher  sand- 
stone ledges,  but  the  amphitheater  itself  has  its  inner  walls  lined  with 
these  rocks,  while  those  on  the  inner  side  of  its  rim  dip  inward  toward 
its  center  on  all  sides,  still  further  emphasizing  the  manner  in  which  it 
was  excavated.  There  is  therefore  no  special  significance  in  the  par- 
ticular x>arts  of  this  general  area  at  which  different  specimens  were 
found.  The  two  species  that  specially  characterize  this  region  are 
C.  Jenneyana  and  G.  ingens  n.  sp.,  and  it  may  be  said  that  the  former  of 
these  species  predominates  at  the  more  southern  portions  of  the  area, 
while  the  latter  occurs  chiefly  farther  north  and  higher  up,  near  the  rim 
of  the  basin.  It  was  therefore  not  until  Mr.  Wells  had  explored  these 
latter  portions  that  this  species  Avas  discovered,  but  here  it  was  found 
quite  as  abundant  as  G.  Jenneyana  is  below. 

The  general  localities  for  all  the  cycads  of  the  Yale  collection  are  as 
follows : 

No.  1.  Two  miles  west  of  Sturgis,  1  specimen. 

Nos.  2-87.  Minnekahta  region  (impossible  at  present  to  designate 
their  exact  location  except  in  the  few  cases  mentioned  above),  86 
specimens. 

Nos.  88-126.  Blackhawk  region  (more  precise  location  of  a  few  spec- 
imens given  above  and  others  under  the  description  of  the  species),  39 
specimens. 

To  sum  up  the  subject  of  the  geographical  distribution  of  fossil 
cycadean  trunks  in  the  Black  Hills,  it  may  be  stated  that  they  have 
thus  far  been  chiefly  found  in  two  areas — the  one  on  the  southeast  and 
the  other  on  the  east  side  of  the  Hills,  the  latter  near  the  center  from 
north  to  south.  The  former  of  these  areas,  if  we  combine,  as  we 
properly  may,  the  Bradleys  Flat  and  Parkers  Peak  localities  into  one, 
extends  in  an  east  and  west  direction  for  at  least  5  miles  with  a  width 
varying  from  half  a  mile  to  2  miles.  The  other,  as  already  stated,  is 
from  1  to  2  miles  wide  east  and  west,  by  3  to  4  miles  long  north  and 
south. 

In  addition  to  these  areas,  however,  cycads  have  actually  been  found 
and  collected  at  four  other  widely  separated  points  in  the  Cretaceous 
rim,  one  of  which  I  have  myself  visited.  This  is  2  miles  west  of  Stur- 
gis, as  above  stated.  Another  is  the  place  where  the  unique  specimen 
representing  the  new  species  G.  excelsa  was  found,  described  as  fully 
as  the  data  permit  under  that  species. 

A  third  locality  is  somewhere  between  Bellefourche  and  Spearfish, 
not  yet  definitely  fixed,  but  believed  to  be  in  the  breaks  of  Hay  Greek. 
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This  locality  is  well  vouched  for.  The  specimen  was  obtained  several 
years  ago  by  Mr.  Stillwell  from  a  person  residing  in  that  part  of  the 
country.  Mr.  Wells  purchased  it  of  Mr.  Stillwell  and  owned  it  a  num- 
ber of  years  before  disposing  of  it.  He  described  it  minutely  to  me, 
and  from  his  description  I  judge  that  it  represents  a  new  species. 
He  is  certain  of  the  above  facts  as  to  location  and  will  probably  learn 
further  particulars  in  the  future. 

The  fourth  and  last  of  these  outlying  localities  is  in  the  vicinity  of 
Sundance,  in  Wyoming.  Mr.  Wells  showed  me  a  specimen  at  his 
house  that  he  had  himself  obtained  from  there,  and  he  intends  to 
make  further  explorations  in  that  region  at  an  early  day.  The  i)osi- 
tion  of  the  cycads  here  is  the  same  as  at  all  other  points,  viz,  in  the 
soft  sandstones  and  shales  near  the  summit  of  the  Cretaceous  rim. 

Cycads  have  therefore  actually  been  found  on  nearly  all  sides  of 
the  Black  Hills  in  the  same  geological  position,  and  there  is  no  doubt 
that  other  localities  will  be  discovered  which  will  close  up  more  and 
more  the  intervals  separating  the  areas  now  known. 

All  the  fossil  cycadean  trunks  that  have  been  found  in  America  thus 
far  probably  belong  to  one  genus,  the  Cycadeoidea  of  Buckland.  In  1894 
I  published  a  revision  of  that  genus^  and  in  1897  I  described  the  seven 
species  then  known  from  Maryland.^  In  the  latter  paper  I  gave  a  full 
descrii)tion  of  the  genus  in  the  light  of  modern  research.  The  classi- 
fication adopted  was  not  that  of  Engler  in  Engler  and  Prantl's 
Natiirlichen  Plianzenfamilien  (II.  Teil,  2.  Abteiliing,  pp.  24-26),  which 
is  modeled  after  Schimper's  treatment  in  Zittel's  Handbuch  der  Palie- 
ontologie  ( Abth.  II,  pp.  211-232),  and  is  no  longer  accepted, having  been 
materially  changed  by  Potonie  and  Engler  in  the  same  work  (Xach- 
triige  zu  II-I V,  x)p.  14-17 ;  341, 360).  According  to  this  the  Bennettitales 
form  a  class  distinct  from  the  Cycadales,  or  living  cycads,  consisting 
of  the  exclusively  extinct  family  Bennettitace<T,  coordinate  with  the 
family  Cycadace<Te,  which  is  restricted  to  the  forms  now  living.  Potonie 
would  refer  the  greater  part  of  the  forms  that  I  have  called  Cycadeoidea 
to  Carrutliers's  genus  Bennettites,  which  Count  Solms-Laubach  restricts 
to  such  as  have  been  found  to  contain  seeds  in  the  fruits,  i.  e.,  imicti- 
cally  to  one  species,  B,  Gibsoni,  and  chiefly  to  one  specimen.  I  have 
already  pointed  out^  that  this  is  simply  an  accident  of  preservation 
and  not  a  good  ground  for  the  establishment  of  a  new  genus,  and  there- 
fore I  would  adhere  to  Buckland's  name,  which  has  priority  over  all 
others,  and  call  them  all  Cycadeoidea.  In  all  other  res])ects  I  am  quite 

'Fossil  cyti.'ulean  trunks  of  Xortli  A^u^rica,  with  a  revision  of  tlie  Ken""  Cycadeoidea  Bucklaud: 
Proc.  Biol.  Soc.  Washington,  Vol.  IX,  April  9,  18i)4,  pp.  75-88. 

'Descriptions  of  the  species  of  Cycadeoidea,  or  fossil  cycadean  trunks,  thus  far  discovered  in  the 
Iron  Ore  belt.  Potomac  formation  of  ^farylaml :  Proc.  I'.iol.  Soc.  Washington,  Vol.  XI,  March  13, 
1897.  pp.  1-17. 

3proc.  Biol.  Soc.  Washington,  Vol.  I  X,  April  ;»,  l.sy4.  p.  79. 
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willing-  to  conform  to  the  classification  of  Engler  and  Prantl's  great 
work.    The  arrangement  will  therefore  be  as  follows : 

Subkingdom  SPERMATOPHYTA  (Phanerogams). 

Suibclivision  GYMNOSF^ERIVIAE. 

Class  BENNETTITALES  Engler,  1897. 

Family  JBElSriSrETTITACE^  F^otonie,  1897. 
Genus  OYCADEOIDEA  Buckland. 

Pis.  LVII-LXI. 

1827.  Cycadeoidea  Biicklaud:  Proc.  GeoL  Soc.  London,  Vol.  I,  No.  8,  pp.  80-81  (session 

of  Jime  6, 1827). 

1828.  Cycadeoidea  Bucklaud  :  Trans.  GeoL  Soc.  London,  2dSer.,  VoL  II,  pp.  375-401, 

Pis.  xlvi-xlix  (volume  dated  1829,  but  memoir  probably  issued  separately 
in  1828). 

Trunks  chiefly  low  (30  to  90  cm.  in  height)  and  more  or  less  conical  or 
oval  in  shape,  but  sometimes  tall,  reaching  over  a  meter  in  height,  and 
cylindrical,  15  to  75  cm.  in  diameter,  usually  simple,  but  sometimes 
branching,  with  a  depression  at  the  summit,  in  the  middle  of  which, 
when  not  decayed,  there  is  a  terminal  bud  of  conical  shape;  terminal 
bud,  however,  usually  wanting  in  the  fossils,  leaving  a  cavity  commonly 
known  as  the  "crow's  nest,"  by  which  name,  for  this  reason,  the  speci- 
mens from  the  Portland  quarries  are  i)opularly  known.  The  armor 
consists  of  appendicular  and  reproductive  organs  surrounding  and 
enveloping  the  axis,  the  former  being  the  bases  of  the  leaf  stalks  or 
petioles,  which  are  surrounded  by  a  dense  mat  of  ramentum  or  fine  hairs. 

The  leaf  stalks  are  normally  four-sided  and  four  angled,  the  lateral 
angles  acute  and  nearly  equal,  the  vertical  angles  obtuse  but  unequal, 
the  lower  much  sharper  than  the  upper,  so  as  to  render  the  cross  section 
subrhombic.  This  form  varies  on  the  one  hand  to  a  true  rhomb,  and  on 
the  other  hand  to  a  true  triangle,  the  most  fre(iuent  intermediate  type 
being  that  in  which  the  upper  angle  is  wanting,  and  the  two  upper 
sides  are  reduced  to  a  simple  curve  or  arch,  so  that  the  cross  section 
assumes  the  form  of  a  drawn  bow  and  bowstring,  the  arch  formed  by 
the  two  upper  sides  representing  the  bow,  and  the  two  lower  sides, 
with  the  reentrant  angle,  representing  the  bowstring.  In  size  the  leaf 
stalks  vary  from  15  to  35  mm.  in  width,  measured  between  the  lateral 
angles,  and  from  5  to  20  mm.  in  height  measured  between  the  vertical 
angles,  or  from  the  lower  angle  to  the  summit  of  the  arch  formed  by 
the  two  upper  sides.  The  line  joining  the  former  is  not  generally 
horizontal  or  at  right  angles  Avith  the  axis  of  the  trunk,  but  one  is 
usually  slightly  lower  than  the  other.  The  line  joining  the  latter 
is  not  generally  vertical  or  parallel  to  the  axis  of  the  trunk,  but  one  is 
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usually  a  little  on  one  side  of  the  other.  The  only  portion  ut'  the  leaf 
bases  that  is  always  preserved  in  the  fossil  state  is  the  mat  of  ramen- 
taceous  hairs  that  surrounds  them.  In  the  great  majority  of  cases  the 
petioles  themselves  are  decayed  to  a  greater  or  less  distance  below  the 
summit  of  these  mats,  which  thus  constitute  walls  surrounding  and 
inclosing  the  portion  that  remains  of  the  petioles,  if  any,  and  in  their 
absence  forming  definite  cavities  having  the  shape  of  the  cross  section 
of  the  leaf  stalks,  which  constitute  the  leaf  scars.  These  leaf  scars, 
with  or  without  the  lower  portion  of  the  leaf  bases,  penetrate  to  the 
axis  of  the  trunk  and  form  a  varying  angle  with  it.  Normally  this 
angle  is  a  right  angle  over  all  the  central  portions  of  the  trunk,  Avhile 
below  the  organs  are  slightly  descending  and  above  more  and  more 
ascending  to  the  apex,  where  they  become  vertical.  At  the  summit, 
too,  they  diminish  in  size  and  usually  in  form,  and  are  reduced  in  and 
immediately  around  the  terminal  bud  to  small  triangular  or  i^olygoual 
bracts  {peruke  of  Miquel).  In  some  species  (C.  Uhleri)  all  the  organs 
of  the  body  of  the  trunk  are  detlexed,  and  in  some  (0.  Goucherimia, 
C.  minnel'ahtensu)  there  is  a  detinite  zone  near  the  middle  of  the 
trunk,  below  which  they  are  descending  and  above  which  they  are 
ascending.  The  leaf  scars  are  arranged  in  a  more  or  less  exact 
quincunx  order,  and  usually  in  two  sets  of  spiral  rows  around  the 
trunk,  in  one  of  which  they  ascend  from  the  base  in  the  direction 
from  left  to  right  and  in  the  other  from  right  to  left,  crossing  each  other 
at  varying  angles  and  both  rows  making  a  certain  angle  with  the  axis 
of  the  trunk,  which  varies  with  the  species  and  more  or  less  with  dif- 
ferent specimens  of  the  same  species.  One  of  the  two  sets  of  rows  is 
usually  more  distinct  than  the  other,  but  the  more  distinct  rows  some- 
times pass  upward  from  left  to  right  and  sometimes  from  right  to  left. 
The  bases  of  the  petioles  when  present  and  well  preserved  often  show 
at  the  surface  presented  to  view  a  row  of  pits  all  around  i)arallel  to  the 
walls  and  at  different  distances  from  the  margin  representing  the  vas- 
cular strands.  Other  such  pits  are  sometimes  present  near  the  center. 
The  petioles  are  frequently  disarticulated  at  a  natural  joint,  which  may 
fall  near  or  at  the  summit  of  the  scar  or  it  may  fall  some  distance  within 
the  scar.  In  some  species  there  are  two  such  joints  separated  by  a  node. 
Occasionally  these  joints  consist  of  a  thin  membranous  diapliragm 
stretching  across  the  petiole,  of  firmer  texture  than  the  rest  of  its  sub- 
stance. Even  where  the  petioles  are  wholly  absent  the  position  of  the 
joints  or  diaphragms  can  sometimes  be  determined  by  a  sharp  ridge 
around  the  inside  of  the  scar.  The  walls  are  made  up  of  the  rameiitum 
of  two  adjacent  i)etioles.  In  some  cases  these  matted  masses  are  so 
dense  as  to  i)roduce  a  simple  homogeneous  plate  on  all  four  of  the  sides, 
whicli,  where  the  petioles  are  wanting,  forms  a  deep,  angled  cavity  of 
exactly  the  shape  of  a  cross  section  of  the  i)etiole.  Usually  the  ])()iti()n  of 
the  wall  furnished  by  each  of  the  ad  jacent  ])eti()lescan  be  distinguished 
by  ajunction  line  or  commissure,  visible  along  the  outer  edge  of  the  wall. 
This  commissure  sometimes  takes  the  form  of  an  intermediate  plate  of 


600  CRETACEOUS  FORMATION  OF  THE  BLACK  HILLS. 


a  less  dense  consistency  than  the  two  outer  plates  In  other  cases  this 
central  plate  is  much  thicker  than  the  two  outer  ones,  which  latter  may 
be  reduced  to  the  appearance  of  thin  linings  of  the  scars.  In  still  other 
cases  the  central  portion  is  more  or  less  open  and  cavitous.  The  walls 
vary  from  1  mm.,  or  even  less,  to  5  mm.  or,  in  rare  cases,  8  mm.  in 
thickness. 

The  other  class  of  organs  that  help  to  jnake  up  the  armor  are  the 
reproductive  organs.  These  are  borne  on  all  parts  of  the  surface  of 
the  trunks,  except,  x)erhaps,  in  immediate  connection  ^^^ith  the  terminal 
bud,  which  is  exclusively  an  organ  of  growth.  They  are  scattered 
about  with  very  little  order  over  the  surface  among  the  leaf  scars. 
They  are  usually  of  a  harder  substance  than  that  of  the  foliar  organs,  and 
better  adapted  to  resist  the  erosive  influences  to  which  the  fossil  trunks 
are  exposed.  Where  the  trunks  are  worn,  therefore,  the  reproductive 
axes  are  liable  to  protrude  somewhat.  Viewed  from  without,  they 
usually  present  an  organ  with  an  elliptical  cross  section,  the  longer 
diameter  being  nearly  horizontal,  variable  in  size,  but  always  larger 
than  the  leaf  scars.  The  central  portion  is  often  wanting,  and  a  funnel- 
shaped  cavity  less  deep  than  the  leaf  scars  takes  its  place.  When  the 
central  portions  are  present  they  show  markings  having  the  form  which 
the  outer  ends  of  the  essential  organs  present,  which  is  very  variable 
and  usually  obscure.  Surrounding  the  central  portions  are  several 
rows  of  open  scars  arranged  concentrically.  These  scars  are  sometimes 
triangular,  quadrangular,  polygonal,  or  nearly  circular;  but  tbe  most 
of  them,  especiall^^  the  outer  ones,  are  somewhat  crescent-shaped,  hav- 
ing the  concave  side  toward  the  center.  The  inflorescence  is  a  spadix 
surrounded  by  an  involucre,  consisting  of  the  concentrically  arranged 
bracts  or  scales  whose  scars  were  last  described.  The  spadix  has  a 
receptacle  at  base,  located  near  the  inner  surface  of  the  armor  and  sup- 
plied with  fibers  from  the  axis.  From  the  receptacle  there  rise  two 
kinds  of  organs:  first,  peduncles  or  filaments,  known  in  a  few  specimens 
to  bear  seeds,  and  conjectured  in  one  si)ecimen  to  bear  anthers  at  their 
summits;  and,  second,  elongated  chaff-like  scales  more  numerous  than 
the  latter  and  rising  above  them,  the  upper  portions  expanding  and 
fi)rming  a  dense  mat  or  covering  over  the  essential  parts.  In  most 
cases  all  these  organs  are  wholly  included  in  the  armor,  the  only  seeds 
tbat  have  thus  far  been  found  being  deeply  embedded  in  the  tissues. 
The  organs  of  inflorescence  are  probably  axillary,  but  owing  to  the 
proximity  of  the  leaf  scars  this  is  not  generally  apparent.  In  regions 
of  the  surface  where  they  occur  they  usually  crowd  the  leaf  scars  and 
cause  variations  in  their  shape.  This  effect  is  most  marked  on  the 
upper  sides  of  the  scars,  often  quite  obscuring  or  obliterating  their  nor- 
mal features. 

The  axis  of  the  trunk  inclosed  in  the  armor  when  complete  consists 
of  four  parts,  which,  enumerated  from  without  inward,  maybe  denomi- 
nated respectively  as  (1)  the  libro  cambium,  (2)  the  parenchymatous 
wood,  sometimes  called  the  cortical  parenchyma,  (3)  the  wood  proper 
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or  fibrovascular  zone,  and  (4)  the  medulla  or  pith.  In  many  cases  the 
libro  cambium  zone  can  not  be  definitely  distinguished  from  the  cortical 
parenchyma,  and  nothing  is  visible  but  the  large  and  numerous  vascu- 
lar bundles  passing  out  from  the  interior  into  the  leaves;  but  some- 
times there  occurs  a  definite  line  or  thin  zone  of  loose  tissue  immedi- 
ately belo^  the  bases  of  the  leaf  stalks.  There  is  usually  a  zone  of 
apparently  honiogeneous  cellular  tissue,  often  of  considerable  thickness, 
filling  the  interval  between  the  armor  and  the  woody  axis.  The  woody 
zone  consists  of  one  or  more  rings  of  exogenous  tissue  traversed  by 
medullary  rays.  Where  more  than  one,  they  are  separated  by  thin 
interstices  of  parenchymatous  tissue.  The  medulla  is  usually  large 
and  composed  of  coarse  parenchyma. 

The  genus  Cycadeoidea  is  illustrated  by  five  plates  devoted  to  char- 
acteristic trunks  from  Europe  and  America.  PI.  LVII  represents  the 
two  original  species  of  Buckland,  C.  megalopliyUa  and  0.  mierophylla, 
from  the  Purbeck  of  the  Isle  of  Portland,  and  also  a  third  species,  C. 
portlandica^  from  the  same  beds,  described  by  Carruthers  in  1870.  All 
of  the  specimens  here  figured  were  found  by  Dr.  Alfred  Kussel  Wallace 
and  myself  on  the  occasion  of  our  visit  to  Portland  on  August  17, 
1891,  and  the  specimen  represented  by  fig.  3  is  the  one  collected  by  us 
in  one  of  the  quarries.^ 

On  PI.  LYIII  is  reproduced  the  figure  of  Cycadeoidea  Masseiana  Cap. 
&  Solms.,  which  appeared  in  the  Sixteenth  Annual  Keport  of  the  Sur- 
vey with  a  full  history  of  its  discovery  and  significance  (cf.  Part  I,  pp. 
502-510,  pi.  ciii).  It  is  a  fair  representative  of  the  genus  from  the 
Italian  beds. 

On  PI.  LIX  is  given  a  reproduction  from  a  photograph  sent  me  by 
Prof.  H.  B.  Geinitz  of  the  great  C.  lieichenhachiana  (Gopji.)  Gap.  & 
Solms.,  now  in  the  Dresden  Museum.  It  was  found  at  Lednice,  near 
Wieliczka,  in  Galicia,  a  century  and  a  half  ago,  and  treated  by  Knorr 
and  Walch  in  their  great  work  of  1755.  It  was  long  regarded  as  the 
largest  fossil  cycad  in  the  world  (see  infra,  pp.  G04,  605).  ' 

PI.  LX  represents  a  group  of  cycad s  from  the  iron  ore  beds  of  Mary- 
land, all  belonging  to  the  genus  Cycadeoidea.  Several  of  these  are 
embraced  in  the  group  represented  on  pi.  c  of  Part  I  of  the  Sixteenth 
Annual  Keport  of  the  Survey,  but  at  that  date  they  had  not  been 
named  or  described. 

This  was  done  in  1897,^  but  no  references  were  then  given  to  pub- 
lished figures.  This  may  therefore  be  regarded  as  the  first  illustration 
of  these  species,  and  the  group  constitutes  an  excellent  representation 
of  the  genus  Cycadeoidea.  The  specimens  represented  in  this  group 
were  all  collected  or  obtained  by  Mr.  Arthur  Bibbins  and  belong  to 
the  Woman's  College  of  Baltimore. 


'  See  Sixteenth  Annual  Report  U.  S.  Geological  Survey,  Part  I,  pp.  484-486. 

'For  synonymy  .see  ProreedLnfrs  of  the  Biolofjical  Societj'  of  Wa.sliingtoii,  Vol.  IX.  1894,  p.  8.'). 

•Proceedings  of  the  Biological  Society,  Vol.  XI,  1897,  pp,  9-17. 
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Finally,  on  PI.  LXI  is  given  a  group  of  the  leading  types  of  the  species 
from  the  Black  Hills,  embracing  the  six  original  trunks  obtained  from 
Mr.  Oole  and  the  large  branching  trunk,  C.  minnekahtensis^  collected 
in  1893. 

Oycadeoidea  DACOTENSis  (McBridc)  Ward  emend. 

Pis.  LXII-LXVI. 

1893.  Bennettites  dacoiensis  McBride,  in  part:  American  Geologist,  Vol.  XII,  p.  249. 

pi.  xi,  fig.  1  (non  fig.  2) ;  Bull.  Lab.  Nat.  Hist.  State  Univ.  of  Iowa,  Vol.  II, 
No.  4,  Iowa  City.  1893,  p.  391,  pi.  xii,  fig.  1  (non  fig.  2). 

1894.  Cycadeoidea  dacotensu  (McBride)  Ward,  in  part:  Proc.  Biol,  Soc.  Washington, 

YoL  IX,  p.  86. 

Trunks  large  (30  to  50  cm.  high,  30  to  50  cm.  in  diameter,  100  to  150 
cm.  in  girth),  short-cylindrical,  contracted  below,  dome-shaped  above, 
symmetrical,  sometimes  laterally  compressed  and  elliptical  in  cross 
section,  probably  subsequent  to  entombment,  bearing  a  number  of 
short  secondary  axes  or  undeveloped  branches  in  the  form  of  rounded 
protuberances,  or,  in  case  of  decay,  of  corresponding  saucer  shaped 
depressions;  apex  presenting  a  flattened  surface  with  a  central  eleva- 
tion, studded  with  polygonal  bract  scars  and  bases  arranged  in  rows 
which  sometimes  proceed  in  helicoid  form  from  the  center  outward; 
rock  substance  of  a  dark  brown  or  reddish  color,  firmly  silicifled,  hard 
and  heavy,  sometimes  weighing  over  100  kilograms,  fine-grained; 
organs  of  the  armor  slightly  ascending  except  near  the  base,  the 
angle  increasing  toward  the. summit,  where  they  become  vertical;  leaf 
scars,  where  not  interrupted,  forming  two  series  of  spiral  rows  which 
proceed  in  different  directions  and  intersect  one  another,  those  from 
right  to  left  nearly  horizontal  below  and  curving  upward  until  they 
form  an  angle  of  45^  with  the  vertical  axis,  the  opposite  series  less 
distinct,  forming  a  small  angle  (5°  to  10°)  with  the  axis;  scars  sub- 
rhombic  and  nearly  uniform  in  shape,  larger  below,  diminishing  upward, 
the  distance  between  the  lateral  angles  varying  from  16  to  26  mm., 
and  that  between  the  vertical  angles  from  10  to  16  mm.,  empty  from 
decay  of  the  petioles,  at  least  to  considerable  depth,  sometimes  to  a 
depth  of  more  than  5  cm.;  interspaces  between  the  scars  very  thick 
though  variable,  sometimes  16  mm.,  presenting  an  undulate  or 
wrinkled  surface  with  indications  of  deeper  lines  of  separation  of  the 
walls;  spadices  large  and  somewhat  elliptical  in  outline,  the  longer 
axis  nearly  horizontal,  8  to  10  cm.  long,  the  shorter  nearly  vertical  and 
5  to  7  cm.;  iuvolucral  bract  scars  numerous,  arranged  in  concentric 
ellipses  around  the  central  organs  in  many  somewhat  distinct  rows, 
increasing  in  size  from  the  center  outward,  subrhombic,  triangular,  or 
polygonal  in  shape,  2  to  20  mm.  in  diameter,  apparently  passing  insen- 
sibly into  the  normal  leaf  scars,  empty  like  them,  forming  deep  cavities 
or  punctations;  essential  organs  of  the  buds,  flowers,  or  fruits  some- 
times wanting,  their  place  occupied  by  a  deep  circular  cavity,  more 
frequently  represented  by  a  dark  and  firm  substance,  which  in  some 
of  the  smaller  ones  projects  beyond  the  general  surface;  armor  5  to 
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7  cm.  thick,  separated  from  the  ligneous  axis  by  a  definite  liuej  corti- 
cal parenchyma  5  cm.  thick;  fibrous  zone  4  cm.  thick  with  three  or 
more  rings  of  wood,  or  sometimes  presenting  a  number  of  thin  concen- 
tric laminae  of  alternating  black  and  brown  substance,  apparently 
representing  as  many  rings  of  wood,  and  inclosing  the  homogeneous 
medulla  5  to  15  cm.  in  diameter,  conforming  in  cross  section  to  the  trunk. 

Only  one  of  the  specimens  belonging  to  the  U.  S.  National  Museum 
is  referable  with  certaintj^  to  this  species.  This  is  the  fine  trunk, 
No.  1,  of  the  collection  of  six  purchased  of  Mr.  Cole.  That  this  is 
specifically  identical  with  Professor  McBride's  specimen  represented 
by  fig.  1  of  his  plate  there  is  no  room  to  doubt.  It  is,  however,  diffi- 
cult to  reconcile  it  with  his  description  in  view  of  the  fact  that  in  that 
description  he  has  included  two  specimens  belonging  to  entirely  differ- 
ent species,  his  fig.  2  showing  none  of  the  external  characters  of  fig.  1, 
or  of  the  specimen  in  hand,  but  clearly  belonging  to  the  same  specific 
group  as  several  of  the  fragments  collected  by  Professor  Jenney  and 
myself  from  the  Minnekahta  locality  in  1893,  as  will  be  shown  below 
(pp.  613-614).  As  Professor  McBride  in  his  description  includes  charac- 
ters that  could  scarcely  have  been  exposed  in  the  perfect  trunk  repre- 
sented by  his  fig.  1,  it  seems  clear  that  he  derives  such  from  the  specimen 
fig.  2,  which  was  probably  a  fragment  showing  these  characters  in  the 
fractures.  It  was  therefore  a  question  whether  to  retain  the  name  or 
not.  I  conclude  to  do  so  for  so  much  of  Professor  McBride's  description 
as  ai)plies  to  his  fig.  1. 

The  Museum  specimen  is  somewhat  larger  than  the  one  at  the  Uni- 
versity of  Iowa,  standing  over  44  cm.  high,  having  a  girth  of  122  cm., 
and  weighing  90.27  kilograms.  It  is  one  of  the  most  perfect  and  beau- 
tiful cycadean  trunks  that  have  thus  far  been  brought  to  light. 

Thirteen  of  the  specimens  in  the  Yale  collection  are  referred  to  this 
species.  These  are  Nos.  1,  3,  5,  6,  13,  30,  39,  43,  54,  62,  63,  95,  and  106. 
Of  these  Nos.  3,  5,  and  54  are  nearly  perfect  trunks,  and  one  of  these, 
No.  54,  is  larger  than  the  one  at  the  U.  S.  National  Museum. 

In  Pis.  LXII  and  LXIII  are  given  side,  top,  and  base  views  of  the 
original  type  specimen,  No.  1,  of  the  U.  S.  National  Museum;  in  Pis. 
LXIV  and  LXV,  side  and  top  views  of  the  equally  fine  and  somewhat 
larger  trunk,  No.  54,  of  the  Yale  collection,  and  PI.  LXVI  affords  a 
view  of  the  inner  parts  from  one  side  of  the  Yale  specimen  No.  13. 

This  is  the  most  common  species  in  the  Black  Hills,  and  has  been  found 
in  the  Minnekahta  and  Blackhawk  regions,  and  2  miles  west  of  Sturgis. 

Cycadeoidea  colossalis  n.  sp.' 

Pis.  LXVIl-LXXII. 

Trunks  colossal,  subconical,  more  or  less  laterally  compressed,  sub- 
cylindrical,  dark  colored,  hard  and  heavy,  weighing  from  100  to  over 

'It  was  not  thought  necessary  to  alter  the  proofs  of  this  memoir  by  quoting  the  Proc.  U.  S.  Nat. 
Mus.,  Vol.  XXT,  HI).  197-2'J9,  as  th(!  original  i)lace  of  publication  of  th«-  new  species  of  fossil  cycadean 
trunks,  ber  auBC  the  manuscript  wan  i»rei»are(l  in  duplicate  and  .siiiiultaiieou.sly  submitted  for  i)ublica- 
tion  in  botli  places.  A.h,  however,  tbt-  paper  in  the  Proc.  Nat.  Mus.  api)eared  in  October.  1898,  these 
Bpe<  ies,  witli  the  exception  of  C.  Wielandi,  p.  621,  are  not  new  here  in  the  strict  sen-se  of  earliest 
publication. 
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300  kilograms,  38  to  79  cm.  high,  40  to  66  cm.  in  major,  26  to  46  cm.  in 
minor  diameter,  100  to  180  cm.  in  girth,  bearing  numerous  relatively 
small  branches  not  projecting  far  beyond  the  general  surface;  terminal 
bud  low,  set  in  a  circular  platform  of  small  polygonal  scars  filled  by 
the  bases  of  the  leaves  or  bracts ;  organs  of  the  armor  and  secondary 
axes  horizontal  at  the  middle  portion  of  the  trunk,  somewhat  descend- 
ing at  the  lower  portion  and  ascending  at  the  upper  portion ;  phyllotaxy 
much  obscured  by  the  intrusion  of  other  organs,  but  spiral  rows  ascend- 
ing from  left  to  right  at  an  angle  varying  from  75°  below  to  45^  above 
plainly  traceable;  leaf  scars  subrhombic  to  nearly  rhombic,  very  small 
relatively  to  size  of  trunk,  13  to  16  mm.  between  lateral,  and  8  to  12 
mm.  between  vertical  angles,  empty  to  a  depth  of  13  to  50  mm.,  the 
bottoms  of  the  cavities  apparently  occupied  by  portions  of  the  leaf 
bases;  interstices  between  the  scars  very  variable,  but,  except  at  the 
summit,  generally  large,  sometimes  25  mm.,  nearly  even  on  the  surface 
but  finally  marked  with  mostly  horizontal  but  variously  curved  or 
crooked  ridges  or  wrinkles,  with  occasional  indications  of  planes  of 
separation  into  two,  three,  or  even  five  plates;  walls  much  thinner 
in  the  upper  portion,  often  broken  down  in  the  specimens,  display- 
ing the  striate  inner  surface  of  the  scars  diminishing  in  size  below; 
reproductive  organs  abundant  at  all  parts  of  the  trunk,  large,  well 
developed,  and  conspicuous,  after  rising  somewhat  above  the  surface, 
forming  gentle  swellings  or  more  abrupt  protuberances,  elliptical  in 
shape,  the  major  axis  nearly  horizontal,  5  to  10  cm.  long,  the  minor  axis 
3  to  5  cm.,  usually  with  a  solid  center,  sometimes  with  a  small  central 
cavity  surrounded  by  firm  substance,  the  whole  inclosed  within  con- 
centric elliptical  rings  or  rows  of  involucral  bract  scars  which  increase 
in  size  from  the  center  outward,  are  empty  and  have  the  form  of  the 
leaf  scars,  into  which  they  occasionally  seem  to  graduate ;  armor  5  to 
10  cm.  thick,  attached  to  the  woody  axis  by  a  uniform  layer  of  bark 
6  mm.  thick;  cortical  parenchyma  4  to  6  cm.  thick;  fibrovascular  zone 
also  4  to  6  cm.,  sex^arated  into  two  distinct  rings  of  wood,  each  consist- 
ing of  a  loose,  spongy  substance  inclosed  in  a  firm  plate  or  thin  hard 
layer,  the  outer  ring  35  mm.  and  the  inner  25  mm.  in  thickness,  through 
all  of  which  the  medullary  rays  pass,  forming  a  sort  of  columnar  struc- 
ture; medulla  more  or  less  elliptical  in  cross  section,  11  to  13  cm.  by 
15  to  20  cm.  in  diameter,  decayed,  leaving  a  cavity  at  the  base  in  one 
specimen,  and  in  another  having  a  concentric  structure  consisting  of 
four  zones  or  rings  of  soft  porous  material,  scarcely  differing  except  in 
coloration. 

The  large  i^erfect  specimen,  l^o.  6  of  the  Cole  collection,  is  the 
largest  cycadean  trunk  known  in  the  world.  Prior  to  its  discovery  the 
great  C.  ReichenbacMana  (Goj)p.)  Cap.  &  Solms.  (see  supra,  p.  601 
and  PI.  LIX)  from  Galicia,  which  is  at  the  Mineralog.-Geolog.  Museum 
at  Dresden,  and  which  I  have  not  seen,  had  taken  the  lead.  Pro- 
fessor H.  B.  Geinitz  was  so  kind  as  to  send  me  an  excellent  photo- 
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graph  of  that  specimen  and  on  this  I  find  the  dimensions  marked.  It 
is  50  cm.  high,  54  cm.  in  major  and  44  cm.  in  minor  diameter,  and  157 
cm.  in  girth.  It  is  therefore  not  so  tall  as  the  American  specimen  by 
29  cm.,  has  a  major  diameter  25  cm.  less,  and  a  minor  diameter  2  cm. 
less,  showing  that  it  is  less  flattened,  but  the  circumference  is  23  cm. 
less.^ 

Eight  of  the  specimens  in  the  Yale  collection  belong  to  this  species, 
viz,  Xos.  2,  7,  9, 10, 17,  37,  40,  and  55,  of  which  Xos.  2  and  10  are  perfect 
trunks,  but  are  both  much  shorter  in  proportion  to  their  size  than  the 
great  National  Museum  type.  They  are  also  less  laterally  compressed. 
They  may  have  been  somewhat  vertically  compressed,  l^o,  37,  though 
incomplete,  is  a  fine  specimen  weighing  nearly  150  kilograms,  and  has 
a  height  of  71  cm.  ^o.  55,  though  it  has  lost  considerable  at  the 
summit,  still  weighs  110.68  kilograms.  No.  40,  which  represents  less 
than  half  of  the  original  trunk,  is  also  a  fine  fragment.  The  rest  are 
smaller  and  more  imperfect* 

In  Pis.  LXYII  and  LXVIII  are  shown  side  and  base  views  of  the 
great  type  trunk  No.  6  of  the  U.  S.  National  Museum.  Pis.  LXIX- 
LXXII  illustrate  the  species  as  represented  in  the  Yale  collection  by 
Nos.  2,  10,  17,  and  55.  They  show  considerable  variation  in  the  form 
and  size  of  the  trunks. 

All  the  specimens  of  this  si)ecies  are  from  the  Minnekahta  region. 

Gycadeoidea  Wellsii  n.  sp. 

Pis.  LXXIII-LXXV. 

Trunks  large,  ellipsoidal,  subcylindrical,  or  somewhat  barrel-shai^ed, 
more  or  less  laterally  compressed,  rounded  at  the  summit,  bearing  numer- 
ous small  secondary  axes  in  the  form  of  protuberances,  light  reddish- 
brown  or  drab  colored,  fine-grained,  hard  and  rather  heavy,  sometimes 
weighing  nearly  100  kilograms,  40  to  55  cm.  high,  30  to  45  cm.  in 
diameter  and  more  than  1  meter  in  girth;  terminal  bud  not  prominent; 
organs  of  the  armor  about  horizontal  except  near  the  summit;  phyllo- 
taxy  much  disturbed  and  not  traceable ;  leaf  scars  rather  small,  subrhom- 
bic  or  nearly  rhombic,  often  trapeziform  or  very  irregular  in  shape, 
average  distance  between  the  lateral  angles  20  mm.  and  between  the 
vertical  ones  12  mm.,  none  of  the  angles  rounded,  all  except  the  small 
ones  at  the  apex  empty  to  considerable  depth ;  ramentaceous  interspaces 
exceptionally  thick,  sometimes  2  cm.,  presenting  a  smooth  but  gently 

'Th<-  photograj)!!  sent  ine  by  Professor  Geiiiitz  was  taken  from  tlio  speciiiion  in  i)03ition  as  mounted 
on  a  support  in  the  Dresden  Museum.  Judging  from  it  alone  I  sliould  say  that  the  trunk  is  hero 
inverted,  but  to  be  certain  it  would  be  necessary  to  examine  it.  It  is  clear  that  in  the  present  position 
the  leaf  scara  have  a  decided  downward  direction,  which  is  rare  but  not  unknown  (e.  g.,  C.  Uhleri). 
Moreover,  the  scars,  wliich  are  subtriangular,  liave  now  their  sliarp  an;;le  upward,  which,  if  the 
specimen  is  right  side  tip,  wouUl  indicate  that  the  keel  of  the  petioles  was  on  the  ujtpcr  side,  a  «'ondi- 
tion  whicli  I  iiave  met  with  in  only  two  other  si)tcies,  O.  asju'ra  and  C.  inxolita,  described  bt  low. 
Goppert'a  figure  (Jubiliiums-Uenkschr.  d.  Schles.  Ges.  f.  vat.  Cult.,  1853,  pi.  viii,  lig.  4)  shows  the 
specimen  in  the  same  position,  i.  e.,  j)robably  inverted. 
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undulating  surface,  lowest  in  the  middle  part,  rising  to  the  scar  which 
forms  a  sharp  edge,  i^roducing  the  general  effect  of  being  molded  in 
plastic  clay;  reproductive  organs  very  large,  abundant,  and  conspicu- 
ous, greatly  distorting  the  arrangement  of  the  leaf  scars  as  well  as  their 
form,  often  nearly  circular  in  cross  section,  4  to  5  cm.  in  diameter,  show- 
ing the  remains  of  the  central  organs  surrounded  by  concentric  circles 
of  large,  empty,  and  deep  involucral  bract  scars  which  are  semilunar  or 
somewhat  triangular  in  shape,  and  may  reach  7  mm.  in  length;  armor 
about  7  cm.  thick,  cortical  parenchyma  4  cm.,  fibrous  zone  4  cm.,  showing 
two  rings,  the  inner  projecting  at  the  base,  concentrically  laminated  and 
inclosing  the  much  decayed  medulla  about  12  cm.  in  diameter. 

There  are  two  sx^ecimens  of  this  species  in  the  Yale  collection,  viz,  Nos. 
21  and  59,  the  former  of  which  is  a  tine,  nearly  perfect  trunk,  large  and 
handsome,  weighing  92.76  kilograms.  I  was  at  first  inclined  to  regard 
them  as  belonging  to  0.  minnekalitensis  on  account  of  the  general  resem- 
blance of  the  external  surface,  but  this  obviously  can  not  be  done, 
because  these  trunks  are  unbranched  and  sj^mmetrical  in  form.  In 
this  respect  they  a^iproach  G.  clacote^isis  and  C.  colossalis,  but  here  the 
surface  diff'ers  completely.  ISTo  forms  intermediate  in  either  of  these 
respects  occur  in  either  collection,  and  there  is  no  escape  from  regarding 
these  two  trunks  as  constituting  a  new  species. 

I  have  named  the  species  for  Mr.  Henry  F.  Wells,  who  obtained  these 
and  nearly  all  the  rest  of  the  Yale  collection,  and  from  whom  Professor 
Marsh  purchased  them.  He  may  therefore  be  regarded  as  the  collector, 
which,  under  the  approved  rules  for  naming  species,  requires  the  use 
of  the  genitive  form. 

Pis.  LXXIII  and  LXXIV  give  side  and  base  views  of  No.  21,  and 
PI.  LXXY  shows  the  perfect  side  of  Xo.  59.  Both  specimens  are  from 
the  Minnekahta  region. 

Oycadeoidea  minnekahtensis  n.  sp. 

Pis.  LXXVI  to  LXXIX. 

Trunks  gigantic,  much  branched  and  irregular  in  form,  the  type  and 
only  perfect  specimen  known  weighing  219.09  kilograms,  74  cm.  high,  50 
cm.  in  diameter  exclusive  of  branches,  79  cm.  across  at  maximum  spread 
of  branches,  150  cm.  in  girth,  light  brown  or  chestnut  colored,  smooth 
on  the  outer  surface,  presenting  the  appearance  of  having  been  molded 
in  plastic  clay,  moderately  heavy;  branches  very  large,  forming  conical 
protuberances  projecting  from  the  middle  portion  of  the  trunk,  giving 
it  a  winged  appearance,  other  branches  proceeding  from  other  parts, 
especially  below,  composite,  i.  e.,  the  main  branches  or  primary  axes 
having  lesser  or  secondary  branches,  prominent  terminal  buds,  some- 
times themselves  compound,  on  all  the  branches,  often  very  perfect 
with  a  sort  of  neck;  organs  of  the  armor  declined  over  most  of  the 
surface,  phyllotaxy  obscure  and  not  traceable;  leaf  scars  subrhombic 
to  nearly  rhombic,  averaging  22  mm.  wide  by  10  mm.  high,  the  unusual 
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vertical  narrowness  perhaps  due  to  compression,  very  variable,  how- 
ever, in  all  respects,  those  on  the  lesser  branches  smaller,  usually 
empty  and  striate  within;  ramentaceous  interstices  usually  thick,  5  to 
15  mm.,  firm  and  fine-grained,  smooth  and  polished  but  somewhat 
undulating,  the  edges  of  the  scars  sharp,  always  without  signs  of  sub- 
division ;  reproductive  organs  numerous,  simulating  the  small  branches, 
the  central  part  preserved  but  heterogeneous,  showing  scars  and 
markings  of  the  essential  organs,  varying  from  12  to  50  mm.  in  diameter, 
surrounded  by  small  involucral  bract  scars;  armor  about  6  cm.  thick, 
separated  from  the  underlying  tissues  by  a  thin  porous  layer;  cortical 
parenchyma  about  5  cm.  thick,  fibro  vascular  zone  8  cm.  thick  without 
visible  subdivision  into  rings;  medulla  not  clearly  shown,  and  internal 
structure  generally  more  or  less  conjectural. 

The  remarkably  fine  but  weird  and  anomalous  specimen  uj^on  which 
the  above  description  is  almost  wholly  based  was  found  by  our  party 
lying  liartly  buried  in  the  ground  in  the  same  i)lace  where  the  other 
trunks  had  been  gathered.  It  was  overgrown  with  lichens  in  many 
places,  and  had  been  regarded  so  uncouth  as  not  to  be  worth  transport- 
ing to  Hot  Springs.  I  arranged  with  Messrs.  Payne  and  Cole  to  have 
it  shipped  to  Washington,  and  it  arrived  in  due  time  in  safety.  It  holds 
the  fourth  rank  as  to  size  and  weight,  but  differs  from  all  others  in  so 
many  respects  that  a  comparison  with  any  is  ditticult.  Specifically  it 
approaches  most  closely  to  C.  pulclierrima^  but  lacks  all  the  symmetry 
and  definiteness  of  that  form.  It  is  only  in  the  fact  that  both  are  very 
branching,  especially  around  the  middle  i)art  of  the  trunk,  that  they 
have  an  external  resemblance. 

The  specimen  shows  a  fine  terminal  bud  at  the  apex  of  the  principal 
trunk,  and  several  others  on  the  other  branches.  Except  near  the  sum- 
mits of  the  several  branches,  the  leaf  scars  and  other  organs  of  the 
armor  are  decidedly  descending,  but  on  the  main  branch  or  trunk,  some 
distance  above  all  the  lateral  branches,  there  is  a  sharp  line  separating 
the  descending  from  the  ascending  scars  above.  This  feature  I  have 
seen  elsewhere  only  in  C.  Gouclieriana  from  Maryland. 

The  only  other  specimen  in  the  collection  that  could  with  any  pro- 
priety be  included  under  this  specific  head  is  the  small  trunk  picked  up 
at  the  same  time  and  place  and  numbered  19.  This  may  represent  a 
very  young  state  of  this  species  with  all  the  characters  in  miniature  and 
devoid  of  reproductive  organs.  It  is  branched  much  in  the  same  way, 
longitudinally  compressed,  lacks  a  little  of  the  base  and  part  of  one  side 
below,  but  for  purposes  of  description  is  practically  complete.  The 
entire  trunk  was  only  18  or  20  cm.  high,  14  or  15  cm.  in  its  longer  and 
7  or  S  cm.  in  its  shorter  diameter,  with  a  maximum  girth  of  36  cm.  Its 
present  weight  is  1.81  kilograms.  The  dimensions  are  therefore  less 
than  one-fourth  and  the  weight  is  less  than  one  twelfth  ot  the  large 
trunk.  It  might  even  have  been  wholly  subterranean,  as  in  the  living 
Zn )n  in  a luj nut i/olia . 
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Among  the  fragments  in  the  Yale  collection  I  found  eight  that 
belong  to  this  species,  and.  as  the  i^ational  Museum  type  is  nearly  per- 
fect, these  add  somewhat  to  our  knowledge  of  the  inner  parts  of  the 
trunk.  These  specimens  are  numbered  14,  22,  24,  32,  41,  71-72,  8.3,  and 
86.  They  consist  chiefly  of  branches  torn  away  from  large  trunks,  and 
several  of  them  may  have  belonged  to  the  same  trunk.  Some  of  them 
may  be  found  to  fit  together,  but,  as  they  were  lying  about  in  different  ' 
rooms,  and  even  on  different  floors,  of  the  Peabody  Museum,  it  was  impos- 
sible for  me  to  correlate  them.  Certain  ones,  as  l^o.  14,  consist  of  a 
mere  gnarl  of  branches,  and  most  of  them  are  proliferous  or  composite, 
the  branches  often  having  fine,  sometimes  compound,  terminal  buds. 

PI.  LXXVI  shows  the  only  view  that  has  been  taken  of  the  type 
specimen,  Ko.  7,  of  the  U.  S.  National  Museum,  and  Pis.  LXXVII  to 
LXXIX  represent  Xos.  14,  24,  83,  and  86  of  the  Yale  collection,  all  of 
which  are  more  or  less  fragmentary  and  aberrant. 

It  occurs  only  in  the  Minnekahta  region. 

Gycadeoidea  pulcherrima  n.  sp. 

Pis.  LXXX-LXXXII. 

Trunks  large  (38  cm.  high,  4  cm.  in  diameter,  130  cm.  in  girth  in  the 
only  complete  specimen  known),  short  ellipsoidal  or  subspherical,  of  a 
light  ash  color  and  moderately  heavy,  bearing  numerous  large,  short 
branches  at  and  below  the  center  all  round,  forming  conical  protuber- 
ances, some  of  which  are  8  to  10  cm.  long  and  12  to  18  cm.  in  diameter  at 
the  base,  rarely  compound,  i.  e.,  the  branches  themselves  bearing  other 
smaller  ones,  or  two  or  more  arising  side  by  side;  branches  and  all  other 
organs  radiate,  i.  e.,  proceeding  in  the  direction  from  the  center  of  the 
trunk,  those  of  the  equatorial  zone  horizontal,  or  making  a  right  angle 
with  the  axis,  those  below  descending,  and  those  above  ascending;  leaf 
scars  arranged  in  definite  rows  intersecting  one  another,  somewhat  spiral, 
but  so  placed  as  to  simulate  meridians  and  parellels  of  latitude,  the  former 
series,  however,  rising  from  left  to  right  and  making  an  angle  which 
varies  with  the  curvature  from  5°  to  10°  with  the  vertical  axis,  the 
other  series  rising  from  right  to  left,  varying  from  horizontal  to  an 
angle  of  45°;  scars  varying  in  shape  from  subrhombic  to  nearly  true 
rhombs  and  in  size  from  10  by  19  cm.  or  smaller  near  the  summit  to 
16  by  22  cm.  measured  between  vertical  and  lateral  angles,  which  are 
usually  quite  sharp,  the  sides  straight  and  the  whole  very  definite  and 
symmetrical,  usually  empty  to  considerable  depth,  but  partially  filled 
by  the  remains  of  the  leaf  bases,  which  occasionally  show  punctations 
representing  the  vascular  bundles ;  ramentum  walls  2  to  5  mm.  thick, 
wrinkled  on  their  outer  edges,  often  with  a  distinct  median  groove, 
sometimes  reduced  to  thin  lamallse  with  sharp  edges,  striate  within  the 
scars  in  the  direction  of  the  petioles;  reproductive  organs  not  abun- 
dant, the  more  typical  ones  mostly  in  the  equatorial  zone  among  the 
branches,  which  they  sometimes  resemble,  being  large  with  a  solid  cen- 
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tral  axis  surrouuded  by  relatively  large  bract  scars,  nearly  circular, 
with  a  diameter  of  5  cm.,  other  smaller  oues  scattered  among  the  leaf 
scars,  only  slightly  disturbing  their  arrangement,  often  abortive  and 
reduced  to  collections  of  pits  in  the  angles  of  the  walls;  armor  6  to  8 
cm.  thick,  irregularly  attached  to  the  ligneous  axis,  which  consists  of  a 
parenchymatous  zone  3  cm.  thick  inclosing  a  fibrous  zone  25  to  35 
mm.  thick  and  divided  into  two  to  four  exogenous  rings;  medulla  10  cm. 
in  diameter  at  the  base,  enlarging  upward  to  more  than  twice  that 
size,  porous  in  structure,  its  outer  surface  marked  with  longitudinal 
ridges  which  are  interrupted  and  alternating,  forming  the  bases  of  the 
medullary  rays. 

The  trunk  upon  which  the  above  description  is  almost  exclusively 
based  is  the  one  which  was  called  No.  3  of  the  collection  obtained  from 
Mr.  Cole,  and  is  certainly,  in  my  judgment,  artistically  the  most  beau- 
tiful cycadean  trunk  known.  I  say  this  deliberately,  after  having  seen 
the  greater  i^art  of  all  thus  far  discovered  in  all  countries,  and  where 
I  have  not  actually  seen  the  specimens  themselves  I  have  in  almost  all 
cases  seen  artistic  models,  or  at  least  excellent  i)hotographs  or  draw- 
ings.   The  specific  name  is  therefore  fully  justified. 

The  characters  of  the  internal  structure  and  the  medulla  are  derived 
from  the  large  decayed  area  at  the  base  on  one  side,  which  well  exposes 
them,  leaving  the  other  side  still  i^erfect.  The  total  weight  of  this 
specimen  is  85.73  kilograms. 

Only  one  imperfect  specimen,  viz,  No.  78,  of  the  Yale  collection 
could  be  referred  to  this  species,  and  this  not  without  some  doubt. 

Pis.  LXXX  and  LXXXI  represent  side,  top,  and  interior  views  of  the 
type  specimen,  No.  3,  of  the  U.  S.  National  Museum.  In  the  last  (PI. 
LXXXI)  the  specimen  was  purposely  inverted  in  order  to  let  the  light 
penetrate  more  thoroughly  the  exposed  interior  and  bring  out  the 
structure.  PI.  LXXXII  is  a  fair  view  of  No.  78  of  the  Yale  collection, 
which  was  doubtfully  referred  to  this  species  on  account  of  the  shape 
of  the  leaf  scars  on  certain  ])arts  of  the  trunk,  which,  however,  are  not 
well  brought  out  in  the  photograph. 

Known  only  from  the  Minnekahta  region. 

Cycadeoidea  cicatricula  n.  sp. 

Pis.  LXXXIII,  LXXXIV. 

TruidvS  small  and  short,  subconical,  more  or  less  laterally  com- 
pressed, smooth  and  symmetrical,  unbranched,  light  yellowish-brown  on 
the  weathered  surfaces,  fine-grained  and  fiinty  within,  about  20  cm. 
high,  18  by  22  cm.  in  diameter,  with  a  girth  of  about  00  cm.,,  and 
weighing  !.'>  or  11  kilograms;  organs  of  the  armor  nearly  horizontal;  leaf 
scars  arranged  in  two  definite  series  of  spiral  rows,  those  from  left 
to  right  forming  an  angle  near  thv.  base  of  about  70'^  with  the  axis 
but  curving  inward  in  their  upward  course  so  that  the  angle  ])r()gres- 
sively  diminishes  to  about  30^  at  the  summit,  those  fioin  right  to  left 
19  GEOL,  PT  2  ;^>!) 
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only  slightly  curving  and  making  an  angle  of  about  45° ;  scars  very 
small^  almost  exactly  rhombic,  uniform  and  definite  with  all  the  angles 
sharp,  distance  between  lateral  angles  9  to  12  mm.  and  between  ver. 
tical  ones  6  to  8  mm. ;  leaf  bases  present  filling  the  scars  to  near  the 
top,  presenting  a  roughened  spongy  tissue  j  ramentaceous  walls  very 
thin,  varying  from  the  thickness  of  tin  foil  to  2  mm.,  presenting  a  beau- 
tiful and  regular  network  of  whitened  lines  over  the  entire  outer  surface 
of  the  trunk,  with  a  faint  commissure  or  elongated  openings  between 
the  contiguous  plates  of  the  thicker  ones;  reproductive  organs  not 
abundant  nor  well  developed,  the  most  typical  3  cm.  in  diameter, 
variable  in  shape  and  character,  consisting  of  protuberances  with  a 
depression  at  the  top  or  ridges  with  bract  scars  on  the  sides,  others 
anomalous,  consisting  of  small  projections  or  elevations,  probably 
abortive,  none  of  them  greatly  disturbing  the  form  or  arrangement  of 
the  leaf  scars;  armor  3  cm.  thick,  separated  from  the  wood  by  a  definite 
line  or  crack;  cortical  parenchyma  2  cm.;  secondary  wood  3  cm.,  con- 
sisting of  an  outer  ring  2  cm,  thick  and  an  inner  one  1  cm.,  with  a 
fissure  between;  medulla  elliptical,  5  by  7  cm.  in  diameter,  consisting 
of  a  homogeneous  substance  resembling  fine  yellow  sandstone,  clearly 
marked  off  from  the  inuer  ring  of  wood. 

This  species  is  one  of  the  best  defined  of  all,  notwithstanding  that  it 
is  based  upon  a  single  specimen,  viz,  No.  118  of  the  Yale  collection. 
This  is  an  almost  perfect  trunk,  and  is  only  obscured  by  sand  and 
gravel  cemented  in  the  scars,  so  that  very  little  can  be  seen  of  the 
summits  of  the  leaf  bases.  It  was  collected  by  Mr.  H.  F.  Wells  three- 
fourths  of  a  mile  north  of  Black's  ranch,  about  3  miles  north  of  Black- 
hawk,  South  Dakota.  Its  only  affinities  are  with  C.  piUcherrima,  with 
which  it  shares  the  rhombic  scars  and  their  definitely  arranged  rows. 

The  most  perfect  side  is  represented  on  PI.  LXXXIII,  showing  the 
arrangement  of  the  scars.  The  base  is  shown  on  PI.  LXXXIY,  Fig.  1, 
and  the  summit  by  Fig.  2  of  the  same  plate. 

Oycadeoidea  turrita  n.  sp. 

Pis.  LXXXV-XC. 

Trunks  moderate  sized,  profusely  and  irregularly  branched,  the  pri- 
mary branches  often  bearing  secondary  ones,  the  branches  symmet- 
rical, abruptly  contracted  at  the  base  into  cylindrical  turret-shaped 
projections,  dome-shaped  at  the  summit,  with  a  terminal  bud  at  the 
apex  composed  of  small  polygonal  organs,  usually  light  reddish,  soft, 
friable,  and  of  low  specific  gravity,  but  sometimes  darker,  harder,  and 
heavier,  20  to  40  cm.  high,  25  to  50  cm.  in  diameter,  the  branches  10  to 
20  cm.  long,  10  to  30  cm.  in  diameter,  30  to  90  cm.  in  girth;  leaf  bases 
slightly  ascending;  leaf  scars  very  irregularly  distributed  over  the 
surface  except  of  the  branches,  here  sometimes  arranged  in  two  sets  of 
spiral  rows  which  intersect  each  other  at  about  the  same  angle  (60°) 
with  the  axis  of  the  branch,  subrhombic,  the  upper  and  lower  angles 
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reducrd  to  mere  curves  23  mm.  wide,  12  mm.  high;  leaf  bases  almost 
always  present,  usually  projecting,  porous;  vascular  bundles  often  dis- 
tinct, set  well  apart  in  a  row  some  distance  from  the  margin,  with  a  few 
others  near  the  center,  appearing  either  as  small  pits  or  black  dots; 
ramentum  walls  thin,  1  to  2  mm.,  usually  with  a  groove  or  commissure, 
sometimes  thickening  at  the  angles  and  affected  with  elongated  pits 
and  other  openings,  some  of  these  latter  passing  into  abortive  flower 
buds,  which  constitute  all  that  is  known  of  the  reproductive  organs  of 
the  species;  armor  5  cm.  thick;  woody  axis  only  known  in  certain 
branches,  thin,  2  to  3  cm.,  and  not  visibly  divided;  medulla  in  one  speci- 
men 9  cm.  in  diameter,  black  and  homogeneous. 

Twelve  of  the  specimens  of  the  Yale  collection  have  been  referred  to 
this  species,  viz,  Nos.  15,  45,  49,  51,  65,  06,  67,  70,  74,  75,  82,  and  85, 
and  still  much  remains  uncertain  as  to  the  characters.  They  nearly 
all  agree  in  the  most  striking  feature — the  possession  of  peculiar  turret- 
like branches — but  owing  to  the  fragile  nature  of  the  rock  and  the 
sprangling  habit  of  the  sijecies  all  the  specimens  were  badly  broken  to 
pieces  and  nothing  remains  but  disjecta  membra.  Some  of  these  plants 
evidently  consisted  entirely  of  branches  and  possessed  no  trunk  proper 
which  could  be  regarded  as  bearing  these  branches,  but  usually  there 
was  a  large  shapeless  mass  at  the  base  from  which  they  proceeded  in 
all  directions.  Such  was  the  case  in  l^os.  45,  51,  66,  and  67,  some  of 
which  must  be  nearly  complete.  Nos.  45  and  75  belong  to  the  harder 
and  heavier  sort,  and  possibly  may  not  belong  to  this  species.  They 
might  be  referred  to  (7.  minnehalitensis  or  0.  Marshiana  but  for  differ- 
ences in  the  leaf  scars  and  petioles,  which  agree  with  this  species.  No. 
74  is  very  anomalous  and  is  only  placed  here  to  avoid  making  new 
species  out  of  deficient  material.  The  turret,  if  such  it  was,  is  reduced 
by  erosion  to  a  pointed  cone  without  character.  The  specimen  is  worn 
to  and  into  the  medulla  on  one  side,  but  the  opposite  side  is  well  pre- 
served. The  leaf  scars  are  typical,  but  there  is  a  number  of  large  pro- 
jecting axes  looking  like  horns,  and  the  specimen,  laid  on  the  worn 
side,  has  the  shape  and  semblance  of  a  gigantic  ''horned  toad."  All 
the  other  specimens  are  much  alike,  and  No.  82  is  taken  as  the  type  for 
most  of  the  characters. 

So  far  as  the  rock  substance,  color,  and  external  organs  are  concerned 
this  species  is  very  close  to  G,  McBridei,  but  that  species  is  always 
simi)le  and  consists  of  one  large,  short  trunk,  constituting  a  broad  dis- 
tinction which  all  the  numerous  specimens  of  both  species  do  not  tend 
in  any  way  to  obliterate.  In  its  branching  habit  it  approaches  C.  min- 
nekahtensiH  and  C.  Marshiana^  but  tlie  external  characters  persistently 
keep  it  sei)arate  from  either.  In  color  it  somewhat  resembles  the 
former,  but  this  is  all  that  can  be  said. 

ris.  LXXXV  and  LXXXVI  show  the  characteristic  turret-shaped 
branches  as  typified  in  Xos.82  and  67.  Pis.  LXXXVII  and  LX  XX  VI 1 1 
give  side  and  base  views  of  the  line  specimen  No.  49.    Tl.  LXXXIX 
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represents  the  anomalous  trunk  JS^o.  74,  and  PI.  XO  reveals  a  little  of  the 
medulla  and  axis  of  No.  15. 

All  the  specimens  are  from  the  Minnekahta  region. 

H     .        Gycadeoidea  McBridei  u.  sp. 

Pis.  XCI-C. 

1893.  Bennettites  dacotensis  McBride,  in  part:  American  Geologist,  Vol.  XII,  p.  249, 

pi.  xi,  fig.  2;  Bull.  Lab.  Nat.  Hist.  State  Univ.  of  Iowa,  Vol.  II,  No.  4,  pp. 
391-392,  pL  xii,  fig.  2. 

1894.  Gycadeoidea  dacotensis  (McBride)  Ward,  in  part :  Proc.  Biol.  Soc.  Washington, 

Vol.  IX,  p.  86. 

Trunks  large  and  very  short  (25  to  40  cm.  high,  25  to  75  cm.  in  diame- 
ter, with  a  girth  of  80  to  250  cm.),  more  or  less  laterally  or  longitudi- 
nally compressed,  well  silicified  but  somewhat  porous  or  sj)ongy  and 
therefore  only  moderately  heavy,  reddish  brown  in  color,  occasionally 
bearing  small  secondary  axes  which  only  slightly  project;  organs  of 
the  armor  variable  but  usually  radial  in  direction ;  leaf  scars  arranged 
in  si)iral  rows  intersecting  each  other  at  various  angles,  usually  form- 
ing an  angle  with  the  axis  in  either  direction  of  from  40^  to  55^^;  scars 
subrhombic  or  lozenge-shaped,  the  distance  between  the  lateral  angles 
varying  from  22  to  35  mm.,  that  between  the  vertical  angles  varying 
from  13  to  16  mm.,  nearly  always  filled  with  the  well-preserved  bases 
of  the  leaves  which  have  disarticulated  at  natural  joints  leaving  a 
smooth  surface,  either  convex  or  concave,  or  occasionally  nearly  flat, 
presenting  a  spongy  appearance;  vascular  bundles  of  the  leaves  usually 
distinct  in  the  form  of  pits  or  of  dots  of  darker  color  arranged  in  one 
row  all  round  the  margin  a  short  distance  from  it  and  with  a  few  addi- 
tional ones  near  the  center;  ramentaceous  interspaces  thin  for  the  size 
of  the  trunks  (1  to  4  mm.),  compound,  i.  e.,  consisting  of  two  or  more 
plates  of  firmer  material  separated  by  intervals  of  loose  porous  tissue, 
very  uniform  in  character  and  little  distorted,  the  porous  tissue  often 
worn  to  some  distance,  leaving  fissures  divided  by  thin  projecting  walls; 
reproductive  organs  sometimes  abundant  and  conspicuous,  but  usually 
rather  scarce  and  poorly  defined,  some  quite  large  with  a  cavitous 
funnel-shaped  or  crater-shaped  center,  others  simulating  leaf  scars 
except  that  they  are  surrounded  by  a  loose  porous  tissue  in  which 
angular  pits  occasionally  occur,  still  others  resembling  small  branches, 
making  it  difficult  in  some  cases  to  decide  to  which  class  to  refer  them, 
one  which  has  been  cut  through  the  center  longitudinally  showing  a 
heterogeneous  mass  of  internal  organs  resting  on  a  conical  receptacle 
25  mm.  below  its  somewhat  iDrojecting  summit;  armor  4  to  8  cm.  thick, 
separated  from  the  cortical  parenchyma  by  a  layer  of  true  bark  6  mm. 
in  thickness,  of  soft  texture,  its  inner  surface  (exposed  in  one  specimen) 
covered  with  small  pits  or  punctations  and  definitely  marked  by  ellipti- 
cal scars  about  9  mm.  long  and  5  mm.  wide,  which  are  aligned  horizon- 
tally around  the  trunk,  the  longer  axis  being  in  this  direction,  the 
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Qpi)er  side  of  the  scars  usually  so  indistinct  as  to  make  them  appear 
kidney-shaped,  the  lower  side  and  ends  consisting  of  a  dark  raised 
riug  or  welt  with  a  groove  all  round  it  and  exterior  to  it,  the  central 
portion  occupied  by  a  number  of  punctatious  more  or  less  concen- 
trically arranged;  woody  axis  9  to  12  cm.  thick,  of  which  the  paren- 
chyma occupies  somewhat  more  than  half  and  is  very  porous  except 
where  traversed  by  the  medullary  rays  of  tinner  consistency;  fibrous 
zone  divided  into  an  outer  soft  and  an  inner  harder  ring,  the  inner  wall 
of  the  latter  conspicuously  marked  by  the  scars  of  the  medullary  rays; 
medulla  in  the  larger  specimens  15  cm.  in  diameter,  but  usually  ellipti- 
cal and  about  8  by  11  cm.,  of  a  uniform  porous  consistency. 

1  name  this  species  for  Professor  McBride  because  he  was  the  first  to 
deal  with  it,  although  he  confounded  it  with  C.  dacotensis,  and  parts  of 
his  description  apply  to  the  one  and  parts  to  the  other  species.  Still 
his  figures  are  clear  and  leave  no  doubt  that  his  fig.  2  belongs  here.  In 
his  description  of  that  figure  he  says  that  it  belongs  to  '^another  indi- 
vidual,'' which,  of  course,  would  have  been  otherwise  evident,  and  parts 
of  his  description  show  that  either  this  or  other  material  in  his  liands 
consisted  of  fragments  showing  the  interior  of  the  trunks,  wliich  could 
not  have  been  exposed  in  the  "large,  perfect  individual."  Most  of  his 
description  of  the  internal  parts  must  have  been  based  on  such  frag- 
ments, and  the  following  words  appear  to  apply  entirely  to  the  present 
species:  "Leaves  not  known;  their  bases  as  perceived  are  fusiform  or 
lozenge-shape  in  cross  section,  one-half  inch  by  one  inch  in  dimensions, 
and  show  the  remains  of  numerous  equally  developed  fibrovascular 
bundles." 

His  specimens  seem  to  have  come  from  exactly  the  same  locality 
as  those  purchased  from  Mr.  Cole,  which  I  subsequently  visited  in  com- 
pany with  Professor  and  Mrs.  Jenney,  with  Messrs.  Cole  and  Payne  as 
our  guides.  There  was  found  the  large  branching  specimen,  G.minne- 
Mlitensis,  and  there,  too,  I  picked  up  12  fragments  of  difierent  sizes 
and  shapes.  These  were  numbered  in  continuatioii  of  the  Black  Hills 
collection,  of  which  there  are  7  nearly  x)erfect  trunks,  and  therefore 
included  Nos.  8  to  19.  Of  these,  6  certainly  belong  to  the  present  spe- 
cies, viz,  Nos.  8,  9, 10,  13,  14,  and  16.  Two  of  these  fragments,  Nos.  10 
and  14,  are  found  on  comparison  to  fit  together,  and  therefore,  of  course, 
to  belong  to  the  same  trunk.  When  placed  in  their  proper  position 
they  constitute  the  greater  part  of  it,  but  a  large  segment  is  missing 
from  one  side.  Among  these  specimens,  all  difierently  broken,  a  much 
larger  number  of  characters  are  exposed  than  could  be  seen  in  any 
number  of  perfect  trunks.  Wherever  two  or  more  dis})lay  the  same  parts 
they  are  in  substantial  agreement,  and  it  is  therefore  assumed  that 
such  features  as  are  only  visible  in  some  one  specimen  would  be  found 
in  the  lest  if  the  ])r()per  parts  could  be  exposcMl.  Tlie  beautiful  mark- 
ings on  the  inner  sui  fa(;e  of  tlie  liber  zone,  as  a])ove  desci  ilK'd,  are  to 
be  seen  only  in  specimen  No.  KJ  (see  1*1.  XCIll).    That  all  trunks  of  the 
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species  were  of  the  sliort,  conical  shape  indicated  by  Kos.  10  and  14 
when  placed  in  their  natural  position  can  not,  of  course,  be  demon- 
strated, but  the  other  specimens  do  not  negative  this  view. 

Professor  McBride  remarks  that  '^the  present  species  is  near  Ben- 
nettites  Gihsonianus  Oarr.,from  which  it  may  be  distinguished  by  greater 
size  and  by  the  fact  that  in  our  species  the  librovascular  bundles  of  the 
leaf  stems  are  of  uniform  size  and  distribution,  and  do  not  form  a  horse- 
shoe shape  in  cross  section,  as  is  said  to  be  the  case  in  the  English 
species."  In  this  last  one  would  suppose  he  was  confounding  the  undi- 
vided vascular  bundle  as  it  appears  in  the  axis,  and  especially  in  its 
passage  through  the  cortical  layer  (cf.  Carruthers's  pi.  Ivii,  fig.  3,  in 
Trans.  Linn.  Soc,  Vol.  XXVI)  before  it  divides,  with  the  form  assumed 
by  the  numerous  strands  that  enter  the  petiole  and  appear  as  small 
dots  on  a  cross  section  of  the  latter  (cf.  loc.  cit.,  pi.  Iviii,  fig.  2).  I^either 
in  the  American  Geologist  nor  in  the  Bulletin  of  the  Laboratory  of  the 
State  University  of  Iowa  do  these  strands  show  clearly  in  fig.  2,  still  I 
think  I  can  detect  them ;  but  in  nearly  all  our  specimens  these  bundles 
are  very  clearly  shown,  and  they  do  agree  remarkably  well  with  those 
of  Carruthers's  figure  (loc.  cit.,  pi.  Iviii,  fig.  2).  Still  I  should  hesitate 
to  refer  the  American  forms  to  C  Gibsoni  on  this  character  alone,  and 
having  myself  examined  the  British  specimen  I  do  not  think  it  is  very 
close  in  other  fespects  (cf.  Sixteenth  Ann.  Kept.  U.  S.  Geol.  Surv.,  Pt. 
I,  p.  487). 

The  absence  of  perfect  trunks  of  this  species  in  the  National  Museum 
collection  is  not  due  to  its  rarity  in  the  Black  Hills,  as  I  was  satisfied 
after  examining  the  large  number  of  fragments  picked  up  by  myself, 
but  to  the  frailty  of  the  species.  There  is  in  fossil  cycads  certainly  a 
close  connection  between  the  mineral  constitution  and  the  original 
nature  of  the  tissues,  and  both  vary  with  the  species  much  as  different 
kinds  of  wood  differ  in  their  qualities  of  hardness,  durability,  tenacity, 
etc.,  in  our  living  forests.  Accordingly  the  substance  of  the  rock  in 
this  species  is  always  soft,  porous,  and  light,  easily  worn  by  attrition, 
and  therefore  frail.  Moreover,  there  is  a  tendency  to  early  decay  of  the 
medulla  and  woody  axis,  which  caused  many  of  the  trunks  to  become 
hollow  before  they  were  entombed.  This  made  compression  and  gen- 
eral destruction  easy  and  accounts  for  the  difficulty  in  securing  good 
specimens. 

In  view  of  these  facts,  I  was  not  surprised  to  find  a  large  number  of 
cipecimens  of  this  species  in  the  Yale  collection.  There  are  no  less  than 
thirteen  which  I  have  so  referred,  although  several  of  these  are  very 
abnormal  and  doubtful.  The  ones  so  classed  are  I^os.  8,  19,  23,  26,  27, 
29,  38,  42,  46,  53,  73,  76,  and  110.  No  one  of  these  is  absolutely  com- 
plete, and  the  greater  part  of  them  are  mere  fragments.  In  the  major- 
ity of  cases  the  specific  determination  is  clear  at  a  glance,  and  this  is 
true  even  of  the  smaller  fragments.  No.  19  is  a  typical  and  nearly 
complete  trunk,  weighing  51.46  kilograms,  and  No.  23  is  by  far  the 
most  perfect  specimen  of  the  species  known  to  me.    It  weighs  nearly 
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59  kilograms,  but  there  is  a  vast  cavity  at  the  summit.  No.  76  is  also 
nearly  comj^lete  aud  a  hue  example,  weighing  23.59  kilograms.  There 
are  four  dwarf  specimens,  Kos.  26,  29,  42,  and  53,  which,  though  nearly 
perfect,  must  be  immature  trunks  if  they  belong  here.  They  differ  too 
much  from  each  other  to  constitute  a  specific  group,  and  I  have  been 
obliged  to  treat  them  as  young,  dwarf,  or  aberrant  forms  of  this  species. 
Nos.  26,  29,  and  42  have  each  a  good  terminal  bud,  the  only  such  seen 
in  the  species.  No.  53  is  very  small,  only  11  cm.  high,  weighing  only 
1.57  kilograms,  short-conical,  and  very  symmetrical.  It  represents  the 
species  in  miniature,  and  is  doubtless  undeveloped. 

Only  one  of  the  specimens  of  the  Yale  collection  from  the  Blackhawk 
region  belongs  to  this  species,  viz.  No.  110,  which  consists  of  nearly 
half  of  a  large  trunk  showing  the  much  worn  outer  surface  with  deep 
holes,  which  are  often  united  a  short  distance  within  by  the  decay  of 
the  walls  so  as  to  produce  communicating  chambers.  The  opposite  side 
exposes  a  large  hollow,  or  trough,  consisting  of  the  inner  wall  of  the 
woody  zone.  It  also  shows  the  attachment  of  the  armor  and  the  under- 
lying axis  in  an  exceptional  manner. 

PI.  XGI  shows  the  broad  side  of  the  trunk  resulting  from  joining 
Nos.  10  aud  14  of  the  U.  S.  National  Museum  collection,  which  were 
found  to  fit  together  and  make  considerably  more  than  half  of  the  trunk. 
This  also  shows  the  full  height,  as  we  have  the  true  base  and  all  that 
was  left  of  the  summit  after  the  decay  of  the  terminal  bud.  The  scars 
are  clearly  shown  on  the  surface,  but  less  so  than  in  fragment  No.  9,  a 
portion  of  the  surface  of  which,  enlarged,  is  shown  on  PI.  XCII.  In 
PI.  XCIII  we  have  a  clear  view  of  the  inner  wall  of  the  liber  zone  or 
true  bark,  which  is  marked  by  scars  of  a  different  pattern  from  any 
elsewhere  observed. 

No.  23  of  the  Yale  collection  is  perhaps  the  most  complete  trunk  of 
this  species  known,  and  has  been  illustrated  from  the  broad  side,  the 
hollow  summit,  and  the  base  on  Pis.  XCIV-XCVI.  Tlie  inner  Avail 
of  the  armor  is  exposed  in  No.  27,  and  this  is  shown  on  PI.  XGVII. 
PI.  XOVIII,  Fig.  1,  represents  the  small  trunk.  No.  29,  of  the  Yale  col- 
lection, which  may  be  a  dwarf  form  of  this  species.  It  will  be  noticed 
that  dwarf  forms  are  the  only  specimens  known  in  which  the  terminal 
bud  is  preserved.  This  might  happen  in  immature  specimens,  when  in 
all  old  trunks  this  organ  would  decay  too  rapidly  to  become  silicificd. 
Fig.  2  shows  the  smallest  specimen  of  the  species,  and,  indeed,  tliere  is 
mnch  doubt  as  to  whether  it  belongs  here,  but  it  bears  too  many  evi- 
dences of  being  a  very  young  trunk  to  make  it  safe  to  call  it  a  new 
species,  and  the  characters,  so  far  as  they  go,  jmint  to  C,  McBridei. 

Pis.  XCIX  and  C  represent  the  outer  (Fig.  1)  and  inner  (Fig.  2) 
surfaces  of  the  si)ecimen  No.  110  from  the  lilackhawk  region,  above 
described. 

All  the  specimens  except  the  one  above  mentioned  have  been  found 
in  the  Minnekahta  region. 
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Oycadeoidea  Marshiana  n.  sp. 

Pis.  CI-CV. 

Trunks  very  large,  profusely  branched,  the  primary  branches  often 
bearing  secondary  ones,  the  whole  individual  frequently  consisting  of 
branches,  sometimes  with  a  sort  of  common  base,  the  branches  irregular 
•in  size^  form,  and  direction,  making  shapeless  or  grotesque  objects; 
summits  of  the  branches  rounded,  bearing  small  polygonal  scars  with 
depressed  or  cavitous  centers  separated  by  deep  channels  as  if  from 
the  disappearance  of  the  walls,  or  filled  with  the  bases  of  the  apical 
leaves  often  set  in  a  circular,  smooth,  flattened  area,  and  having  a 
small  conical  protuberance  or  terminal  bud  at  the  center;  rock  sub- 
stance hard,  heavy,  and  dark  colored;  general  external  appearance 
rough  and  massive;  forms  very  variable  in  size  and  difficult  to  meas- 
ure, the  largest  attaining  91  cm.  in  its  greatest  dimension,  the  lateral 
generally  greater  than  the  vertical  dimensions  when  standing  on  the 
base,  the  former  often  50  to  60  cm.,  the  latter  30  to  40  cm.;  branches 
15  to  30  cm.  long,  10  to  40  cm.  in  diameter,  and  often  over  a  meter  in 
girth;  organs  of  the  armor  ascending  on  all  the  branches;  phyllotaxy 
usually  so  disturbed  as  not  to  be  traceable,  but  consisting  of  at  least 
one  series  of  spiral  rows  of  scars  passing  from  right  to  left  at  an  angle 
of  about  75°  with  the  axis  of  the  branch;  leaf  scars  of  medium  size  or 
small  for  the  size  of  the  trunks,  normally  subrhombic,  but  varying 
from  triangular,  or  with  a  mere  groove  to  represent  the  upper  angle,  to 
nearly  rhombic,  15  to  30  mm.  wide,  7  to  15  mm.  high,  averaging  12  by 
25  mm.  for  the  body  of  the  trunk  and  10  by  18  mm.  for  the  branches, 
usually  empty  to  considerable  depth,  sometimes  filled  with  the  leaf 
bases,  which  either  present  a  smooth  concave  surface  or  a  rough  pro- 
jecting surface  formed  in  part  by  rows  of  i^ointed  elevations  consisting 
of  the  exjDosed  extremities  of  the  vascular  bundles  lying  on  the  sides 
of  a  central  conical  protuberance  the  apex  of  which  is  formed  in  part  of 
the  more  interior  strands;  ramentaceous  interstices  usually  thick,  5  to 
15  mm.,  hard,  roughened,  wrinkled,  or  grooved,  often  highest  next 
so  the  scars,  sometimes  thinner  with  only  a  median  line;  reproductive 
organs  generally  abundant  on  the  body  of  the  trunk  and  larger 
branches,  large,  7  cm.  long  in  a  circumferential  direction,  5  cm.  high, 
conspicuous,  either  iDrojecting  or  cavitous  and  crater-shai)ed  from  the 
decay  of  the  essential  organs,  surrounded  by  concentric  rows  of  large 
bract  scars,  sometimes  more  rare  and  smaller;  armor  4  to  7  cm.  thick, 
but  difficult  to  observe  except  on  the  branches  where  it  has  little 
significance;  cortical  parenchyma  3  to  4  cm.;  fibrous  zone  2  to  4  cm. 
with  two  rings;  medulla  sometimes  seen  at  the  compound  base,  12  cm. 
in  diameter,  often  decayed  so  as  to  leave  a  large  cavity,  its  surface 
exposed  in  one  specimen  showing  the  scars  of  the  medullary  rays  in 
the  form  of  elongated  ridges  increasing  in  thickness  upward  and  termi- 
nating in  a  sharp  point. 
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This  magiiiflceDt  species  was  first  clearly  made  known  to  me  in  the 
Yale  collection,  where  it  is  represented  by  five,  and  probably  six,  speci- 
mens. These  are  Nos.  4,  11,  33,  44,  47,  and  79.  The  doubtful  ones  are 
^^os.  33  and  79.  These  are  single  branches  of  much  larger  trunks,  and 
their  characters  are  somewhat  aberrant.  Of  the  other  five  there  is  no 
doubt,  as  they  agree  in  all  their  characters.  Xo.  11  is  taken  as  the  type. 
It  is  larger  than  any  of  the  rest,  and  the  next  largest  specimen  in  the 
Yale  collection,  weighing  221.35  kilograms,  and  therefore  holding  the 
third  rank  in  this  respect  among  the  cycads  of  the  world.  It  has 
the  form  of  a  huge  animal,  has  five  primary  branches,  and  when  placed 
in  the  position  in  which  it  probably  grew  four  of  these,  with  the  mass 
to  which  they  are  attached,  constitute  a  sort  of  forepart,  with  head, 
thorax,  and  fore  limbs,  while  the  other  represents  the  hinder  part  and 
is  aligned  in  the  opposite  direction.  Between  these  parts  is  a  constric- 
tion dividing  the  two  systems.  It  is  very  complete,  so  mu^,h  so  that  it 
has  furnished  few  of  the  internal  characters. 

Nos.  4  and  47  are  also  large  trunks,  weighing,  respectively,  52.62  and 
34.93  kilograms,  and  the  other  fragments  supplement  the  more  perfect 
specimens  so  as  to  make  a  pretty  full  description  of  the  species  x)Ossible. 

I  have  named  the  species  in  honor  of  Professor  Marsh,  to  whose 
energy  and  munificence  this  great  collection  is  wholly  due. 

When  engaged  in  examining  and  describing  these  specimens  in  the 
Yale  collection  I  supposed  that  none  existed  in  the  U.  S.  IS'ational 
Museum,  but  on  revising  all  my  previous  descriptions  in  the  light  of 
the  new  material  I  discovered  that  I  was  mistaken,  and  that  speci- 
men ^o.  15  belongs  to  this  species.  I  had  referred  it  with  doubt  to 
C.  colossalis,  and  under  that  head  had  made  the  following  remark :  "The 
only  other  specimen  in  the  collection  of  the  U.  S.  National  Museum 
that  I  can  refer  to  this  species  is  the  fragment  No.  15,  collected  by 
myself  in  1893  on  the  same  spot  where  the  others  were  found.  This 
is  a  very  irregular  block  or  segment  broken  from  near  the  top  of  a 
great  trunk.  It  is  similar  in  mineral  character  to  No.  G,  and  the  leaf 
scars  and  other  organs  agree  well  with  the  upper  parts  of  that  speci- 
men. The  fractures  are  downward,  but  follow  the  i)lane  of  the  petioles, 
which  are  here  erect.  In  No.  15,  however,  two  large  and  nearly  equal 
branches,  whose  axes  were  nearly  at  right  angles  to  each  other,  are 
represented.  Viewed  from  the  broken  sides,  the  two  axes  are  clearly 
seen  in  contact,  having  a  gnarly  appearance,  such  as  is  normally  pro- 
duced at  the  Junction  or  crotch  between  two  branches." 

This  branching  character,  as  I  was  well  aware,  does  not  belong  to  the 
large,  perfect  specimen,  but,  having  no  others,  I  thought  it  possible  that 
some  of  the  small  secondary  axes  might  in  other  cases  become  primary 
branches;  but  after  seeing  so  many  other  specimens  of  C.  colossalis  nW 
agreeing  in  tliis  respect,  and  also  a  large  number  of  the  i>resent  species 
also  all  agreeing  and  exhibiting  no  tendency  to  vary  in  the  dire(;tion 
of  the  other  species,  it  became  obvious  that  the  branching  forms  all 
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belonged  to  one  species  and  tlie  simple  ones  to  another.  The  specimen 
1^0. 15  clearly  belongs  to  the  branching  species,  and  now  it  is  easy  to 
see  other  specific  diiierences. 

Pis.  CI-OIII  furnish  a  fairly  good  idea  of  the  great  type  specimen, 
!N"o.  11.  PI.  OIY  represents  one  of  the  large  limbs  torn  from  a  specimen 
of  unknown  size,  l^o.  47.  Finally,  PI.  C  Y  gives  us  a  side  view  of  No.  33, 
the  anomalous  character  of  whose  scars  has  been  described.  Of 
course,  the  peculiarity  in  the  vascular  bundles  could  not  be  expected  to 
appear  in  a  photograph. 

All  the  specimens  are  from  the  Minnekahta  region. 

Cycadeoidea  furcata  n.  sp. 

Pis.  CVI-CIX. 

Trunks  larg3,  forking  above,  or  sometimes  with  a  third  branch,  sim- 
ple below,  laterally  compressed,  eccentric,  light  colored,  soft  and  of  low 
specific  gravity,  35  to  45  cm.  high,  25  to  30  by  35  to  40  cm.  in  diameter, 
90  to  110  cm.  in  girth j  organs  of  the  armor  mainly  horizontal  j  leaf 
scars  subrhombic,  or  somewhat  triangular,  the  vertical  angles  generally 
rounded,  the  lateral  acute,  variable  in  size,  averaging  15  by  25  mm.,  those 
on  the  branches  smaller,  or  sometimes  nearly  as  large,  empty;  ramenta- 
ceous  walls  variable,  usually  thin,  1  to  5  mm.,  much  thicker  in  the 
angles,  firm  in  texture,  grooved  or  divided  into  two  or  three  plates  j  repro- 
ductive organs  few,  large,  elliptical,  4  to  7  by  7  to  10  cm.  in  diameter, 
either  set  in  depressions  or  somewhat  elevated,  surrounded  by  bract 
scars,  either  cavitous  in  the  center  or  solid,  the  larger  ones  simulating 
small  branches;  armor  4  to  7  cm.  thick;  cortical  parenchyma  7  cm., 
clearly  distinguishable  from  the  darker  zone  of  wood  6  cm.  in  thick- 
ness; medulla  elliptical,  9  to  11  cm.  in  diameter. 

This  species  is  thus  far  represented  by  only  two  specimens,  viz,  I^^os. 
18  and  60,  of  the  Yale  collection,  the  latter  of  which  is  in  such  a  com- 
plete state  of  preservation  that  little  can  be  known  of  its  internal 
structure.  It  is  distinguished  from  all  other  trunks  known  to  me  by  a 
true  dichotomy,  consisting  of  a  simple  trunk  with  two  nearly  equal 
erect  branches  and  a  natural  junction  or  crotch  at  their  point  of  sepa- 
ration. The  axis  is  far  to  one  side  and  the  trunk  is  flattened  on  that 
side,  the  entire  true  base  being  lateral  and  the  trunk,  standing  on  a  false 
base,  belonging  to  the  armor,  but  naturally  flattened  in  transverse 
direction.  These  peculiarities  were  doubtless  the  result  of  the  position 
in  which  the  trunk  originally  grew  among  rocks.  Besides  this  strik- 
ing characteristic,  the  light  color  and  soft  constitution  of  the  rock,  as 
well  as  the  form  and  arrangement  of  the  scars,  ramentum  walls,  repro- 
ductive organs,  etc.,  distinguished  this  from  all  other  cycadean  trunks. 
It  is  a  fine  specimen,  and  weighs  49.9  kilograms. 

No.  18  consists  of  two  nearly  equal  branches  and  one  somewhat 
smaller,  arranged  in  a  triangular  cluster.    Two  of  them  are  flat  on  one 
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side  from  growing  against  rocks.  The  trunk  i^roper  can  scarcely  be 
said  to  be  represented.  The  two  larger  branches  are  each  about  30  cm. 
in  diameter  and  23  cm.  long,  with  rounded  summits  forming  something 
analogous  to  terminal  buds.  Fractures  about  the  lower  portion  yield 
elements  of  internal  structure,  but  they  relate  to  the  branches  only. 
The  external  surface  is  beautifully  preserved.  This  specimen  weighs 
66.22  kilograms. 

Two  views  of  specimen  No.  60  were  taken,  one  of  the  rounded  outer 
surface  or  back,  PI.  CYI,  and  the  other  of  the  opposite  flat  side,  PI.  C YII, 
within  which  the  true  base,  set  on  one  side,  wholly  falls.  The  indica- 
tions are  that  the  trunk  grew  with  this  side  against  a  vertical  rock  and 
was  connected  with  the  soil  beneath  it. 

PI.  CVIII  is  a  view  of  the  specimen  No.  18,  seen  from  above,  and 
PI.  CIX  shows  it  from  the  base. 

Both  specimens  are  from  the  Minnekahta  region. 

Cycadeoidea  Colei  n.  sp. 
PL  CX-CXII. 

Trunks  rather  large,  ellipsoidal,  34  to  48  cm.  high,  elliptical  or  nearly 
circular  in  cross  section,  30  to  39  cm.  in  diameter  and  90  to  118  cm.  in 
circumference  at  the  thickest  part,  simple,  the  apex  studded  with  small 
polygonal  scars  and  presenting  a  smooth  disk  with  a  central  elevation; 
rock  substance  dark  brown  in  color  and  moderately  heavy ;  organs  of 
the  armor  except  the  very  lowest  manifestly  ascending;  leaf  scars 
arranged  in  two  series  of  more  or  less  distinct  spiral  rows,  those  pass- 
ing from  left  to  right  forming  an  angle  of  75°  and  those  from  right  to 
left  of  45°  to  the  vertical  axis;  scars  subrhombic,  varying  from  almost 
rhombic  to  nearly  triangular  with  rounded  angles,  large,  averaging  22 
mm.  wide  and  13  mm.  high,  but  ratio  of  width  to  height  variable,  empty 
to  a  depth  of  2  to  5  cm. ;  ramentaceous  walls  usually  thick  but  very 
variable,  doubly  grooved  or  wrinkled,  cracked  or  fissured,  often  pitted 
by  the  scars  of  small  bristles  or  perulie;  fruiting  axes  numerous,  small, 
most  or  sometimes  all  of  their  surface  occupied  by  bract  scars,  central 
portion  correspondingly  small,  generally  cavitous  from  the  disappear- 
ance of  the  essential  organs,  which  appear  to  have  often  been  immature 
or  abortive;  armor  about  6  to  7  cm.  thick;  cortical  jjarenchyma  3  cm. 
thick;  fibrous  zone  2  cm.,  consisting  of  two  rings  of  wood;  medulla 
about  9  cm.  in  diameter. 

This  is  a  very  handsome  species  of  which  the  type  specimen  was  pur- 
chased of  Mr.  F.  H.  Cole,  for  whom  the  species  is  named.  That  speci- 
men weighs  63  kilograms. 

The  Yale  collection  contains  nine  specimens  that  I  was  ol)liged  to 
refer  to  this  species.  Tiiese  are  Nos  12,  20,  25,  28,  48,  52,  57,  68,  and  SO. 
Of  these  Xos.  25  and  80  are  small  and  either  dwarfed  or  immature,  and 
Nos.  28  and  52  are  small  fragments.    The  rest  are  fairly  typicM  and 
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furnish  good  cliaracters.  No.  48,  though  small,  weighing  only  29.49 
kilograms,  is  perhaps  the  most  typical.  No.  57,  though  not  complete, 
weighs  56.24  kilograms,  and  was  doubtless  originally  quite  the  equal  of 
the  National  Museum  type.  No.  12  has  an  unusual  number  of  fruiting 
axes. 

PI.  OX  shows  a  side  view  of  the  type  specimen,  No.  2  of  the  U.  S. 
National  Museum,  and  PL  OXI  that  of  the  very  similar  trunk.  No.  48  of 
the  Yale  collection.  The  fragment  No.  12  of  the  Yale  collection  repre- 
sented on  PI.  OXII  is  somewhat  anomalous  if  not  specifically  doubtful, 
but  can  not  be  referred  to  any  other  known  species. 

All  the  specimens  are  from  the  Minnekahta  region. 

Cycadeoidea  Paynei  n.  sp. 

PI.  CXIII-CXV. 

Trunks  medium  sized,  laterally  compressed,  usually  enlarging  from 
the  base  upward  to  near  the  summit  but  sometimes  subcylindrical,  30 
to  55  cm.  high,  65  to  85  cm.  in  average  girth,  20  by  25  cm.  to  25  by 
35  cm.  in  diameter,  light  or  darkish  brown  in  color,  not  specially  firm 
or  heavy,  bearing  few  or  not  any  secondary  axes  ;  organs  of  the  armor 
horizontal;  phyllotaxy  rather  obscure,  but  scars  arranged  in  imperfect 
spiral  rows,  chiefly  subrhombic,  but  varying  to  rhombic  or  triangular, 
much  distorted  in  the  specimens  in  hand,  but  where  clearly  shown  10 
to  16  mm.  high  and  16  to  31  mm.  wide,  empty  to  some  depth,  their 
bottoms  filled  with  the  partially  decayed  remains  of  the  petioles; 
ramentaceous  interstices  rather  thin  but  variable,  usually  with  a  more 
or  less  distinct  commissure;  reproductive  organs  or  their  remains 
numerous  and  conspicuous,  often  projecting  considerably  beyond  the 
general  surface  in  the  form  of  protuberances  or  terete  spongy  cylinders, 
often  decayed,  leaving  large  cavities  more  or  less  crater- shai:>ed  or  funnel- 
shaped,  the  interior  sometimes  definitely  grooved  or  marked,  surrounded 
by  numerous,  sometimes  large,  triangular  in volucral  bract  scars;  armor 
varying  in  thickness  from  2  to  7  cm.,  attached  by  an  irregular  line 
or  thin  layer  of  bark  to  the  cortical  parenchyma  which  is  1  to  2  cm. 
thick  and  incloses  a  fibrous  cone  of  about  the  same  thickness,  which 
is  divided  into  two  or  three  rings;  medulla  less  compressed  than  the 
outer  parts,  6  to  10  cm.  in  diameter. 

The  only  specimens  that  certainly  belong  to  this  species  are  Nos.  4 
and  5  of  the  collection  purchased  from  Mr.  Cole.  The  description  of 
the  internal  parts  is  chiefly  based  on  No.  5,  which  is  the  smallest  of 
that  collection  and  has  been  cut  longitudinally  through  the  axis,  one  of 
the  halves  cut  transversely  12  cm.  above  the  base  and  the  surfaces 
polished.  These  sections  furnish  clear  views  of  the  organs  of  the  armor 
and  of  the  relations  of  the  armor  to  the  underlying  parts.  The  specific 
identity  of  the  two  specimens  is  based  on  the  external  characters, 
which  substantially  agree.    No.  4  weighs  33.11  kilograms  and  No.  5, 
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22.22  kilograms.  I  name  tbe  species  for  the  ranchman,  Mr.  Payne,  who 
originally  discovered  the  cycads  of  that  region  and  from  whom  Mr. 
Cole  obtained  them.  He  it  was,  moreover,  who  finally  guided  us  to 
the  locality  after  IMr.  Cole  had  vainly  sought  to  take  us  to  it  the  pre- 
vious day,  missing  the  way  notwithstanding  that  he  had  been  at  the 
spot. 

In  the  Yale  collection  there  are  two  specimens,  Nos.  58  and  G9, 
which  I  have  doubtfully  referred  to  this  species,  although  some  of  the 
characters  are  different  from  those  above  described.  They  are  vertically 
Instead  of  laterally  compressed.  If  this  is  due  entirely  to  pressure  of 
the  superincumbent  mass  after  entombment,  it  has  no  systematic  value 
and  depends  upon  the  position  occupied  by  the  s|)ecimen;  but  eminent 
•  authorities  have  insisted  that  it  is  a  condition  of  growth.  I  am  inclined 
to  think  that  this  may  be  true  in  some  cases,  but  that  the  former 
explanation  is  the  chief  one. 

The  Yale  specimens  are  both  smaller  than  either  of  the  ITational 
Museum  types,  No.  69  weighing  20.86  kilograms,  and  No.  58,  which  is 
dwarf,  abnormal,  and  perhaps  immature,  5.33  kilograms. 

Pis.  CXIII  andCXIY  give  side  and  base  views  of  the  type  specimens 
Nos.  4  and  5  of  the  U.  S.  National  Museum,  and  Pi.  GXY  represents  the 
polished  surface  of  the  interior  of  No.  5,  bringing  out  the  relations  of 
the  various  tissues  in  a  very  satisfactory  manner. 

All  the  specimens  are  from  the  Minnekahta  region. 

Cycadeoidea  Wielandi  n.  sp. 

PI.  CXYI. 

1893.  Cycadeoidea  Paj/nei  Ward,  in  X)art:  Proc.  U.  S.  Nat.  Mus.,  Vol  XXI,  pp.  212- 
213  (([iioad  No.  77  of  the  Yale  collection). 

Trunks  medium  sized  or  small,  cylindrical-conical,  somewhat  later- 
ally compressed,  dark  colored,  moderately  hard  with  medium  specific 
gravity,  rough  or  jagged  on  the  outer  surface,  unbranched,  about  40  cm. 
high,  21  by  25  cm.  in  diameter  at  the  middle  jiortion,  70  to  80  cm.  in 
girth;  organs  of  the  armor  about  horizontal,  at  least  in  the  middle  part; 
phyllotaxy  not  traceable ;  leaf  scars  normally  subrhombic  and  narrow 
but  much  distorted  by  the  fruits,  often  triangular,  sometimes  with  the 
upper  side  downwardly  curved.  20  to  25  mm.  wide,  12  to  20  mm.  high; 
leaf  bases  present  but  not  reaching  the  surface,  j)orous  or  spongy  with- 
out visible  bundle  scars;  ramentum  walls  thin,  1  mm.  or  less,  much 
broken  down  in  the  specimens,  with  or  without  an  obscure  median 
line;  reproductive  organs  abundant  over  all  parts  of  the  trunk,  cover- 
ing half  of  the  surface  and  distorting  all  other  organs,  large  and  some- 
what elliptical  bnt  sometimes  nearly  circular,  25  to  .')5  mm.  in  diameter, 
often  cavitons  with  a  very  delinite  bowl-sliaped  interior,  the  bottom 
smooth  and  usually  raised  like  that  of  a  blown  bottle,  or  with  a  boss  or 
button  in  the  center,  i.  e.,  the  receptacle  of  the  spadices  rising  up  with 
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a  depression  all  round  it,  sometimes  resembling  a  saucer  inside  the 
larger  bowl,  the  central  boss  or  button  sometimes  with  a  large,  deep 
slit  nearly  transverse  to  the  axis  of  the  trunk  or  in  line  with  the  major 
axis  of  the  cross  section,  this  slit  occasionally  replaced  by  a  sharp 
ridge  or  by  a  few  pits;  fruits  often  partly  or  wholly  preserved,  obovate, 
sometimes  rising  above  the  general  surface  and  convex  at  the  summit, 
either  smooth  or  granular  from  the  exposed  extremities  of  the  numer- 
ous densely  matted  seeds;  spadices  surrounded  by  involucral  bracts, 
consisting  of  the  receptacle  above  described  as  a  central  boss  or  but- 
ton from  which  rise  numerous  seminal  peduncles  of  varying  lengths, 
the  central  ones  longest  and  ascending  to  the  summit,  the  more  lateral 
ones  proceeding  outward  and  terminating  at  the  perij^hery  in  such  a 
manner  as  to  form  a  cylindrical  body  with  a  rounded  outer  extremity, 
each  peduncle  terminating  in  a  single  seed ;  seeds  1.5  mm.  to  nearly  2  mm. 
in  diameter,  oblong  in  shape,  5  mm.  long,  surrounded  by  an  opalized 
double  seed-coat,  their  combined  mass  forming  a  somewhat  irregular 
layer  over  the  whole  upper  part  of  the  fruit,  extending  downward  to 
about  the  middle,  each  seed  containing  a  number  (6  to  12)  of  relatively 
large  spherical  bodies,  sometimes  opalized  like  the  seed- coats,  possibly 
rei)resenting  the  archegonia;  armor  thin,  about  4  cm.  thick;  woody 
zone  not  visibly  divided,  4  cm.  thick;  medulla  elliptical  in  cross  section, 
4  by  6  cm.  in  diameter. 

At  the  time  I  described  No.  77  of  the  Yale  collection  in  June,  1898, 
the  specimen  was  almost  wholly  covered  with  an  incrustation  of  lime 
and  very  little  could  be  learned  of  its  nature.  Bufficient,  however,  was 
visible  to  indicate  that  it  possessed  an  especial  interest.  The  peculiar 
granular  structure  of  some  of  the  fruits  could  be  seen,  and  from  such 
examination  as  I  was  able  to  make  I  derived  the  description  that  I 
gave  on  page  213  of  the  Proceedings  of  the  United  States  National 
Museum,  Yol.  XXI.  I  included  it  provisionally  and  doubtfully  in  G. 
Paynci,  from  the  general  form  and  appearance,  although  there  were 
differences  even  in  the  external  character  which  were  there  iDointed 
out,  and  I  was  careful  not  to  include  the  peculiarities  observed  in  the 
reproductive  organs  in  the  descrii^tion  of  that  species,  because  I  antici- 
pated that  these  and  the  other  differences  might  require  it  to  be 
removed  from  C.  Paynei  when  a  fuller  study  of  them  should  be  made. 

On  my  next  visit  to  Xew  Haven  in  November,  1898,  to  study  a  fresh 
invoice  of  cycads  sent  by  Mr.  Wells,  I  found  another  specimen.  No.  131, 
which  exhibited  most  of  the  external  characters  of  No.  77  and  had 
similar  fruits,  very  few  of  which,  however,  contained  the  whole  of  the 
spadix.  In  a  number  of  cases  this  had  fallen  out,  leaving  the  bowl- 
shaped  cavity,  but  with  some  of  the  seminal  peduncles  adhering  to  its 
sides  and  terminating  in  the  little  elongated  sockets  in  which  the  seeds 
had  lain.  This  at  once  revealed  to  me  the  true  nature  of  the  fruits 
of  No.  77,  and  I  thereupon  placed  that  specimen  in  a  vat  of  acid  and 
removed  the  coating  of  lime.  The  specific  identity  of  the  two  specimens 
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was  then  manifest  and  it  became  clear  that  the  small  bodies  described 
in  the  latter  and  erroneously  taken  for  the  silicified  cores  of  the  seminal 
peduncles  were  the  seeds  themselves. 

I  endeavored  to  impress  ui)on  Professor  Marsh  the  great  importance 
of  this  discovery  and  the  urgent  necessity  of  having  sections  made  of 
this  first  case  thus  far  discovered  of  seeds  preserved  in  the  trunk  of  an 
American  cycad.  The  extreme  rarity  of  such  cases  justified  this 
exceptional  interest,  and  I  succeeded  in  arousing  in  Professor  Marsh  a 
l)art  of  the  interest  that  I  felt  in  the  matter. 

It  chanced  that  Mr.  George  R.  Wieland  was  at  the  time  working  in 
the  Peabody  Museum.  He  had  himself  collected  a  considerable  num- 
ber of  cycads,  had  spent  one  day  with  Mr.  Wells  and  myself  in  the 
Blackhawk  region,  and  was  greatly  interested  in  the  general  subject. 
He  had  had  considerable  training  in  the  technique  of  section  cutting, 
and,  with  Professor  Marsh's  approval,  he  proceeded  to  make  some  sec- 
tions of  one  of  the  best  spadices  of  No.  77,  which  was  easily  detached 
from  near  the  fractured  margin  of  the  trunk.  The  longitudinal  section 
first  made  revealed  the  whole  nature  of  the  fruit  and  showed  its  essen- 
tial identity  with  the  fruits  of  C.  Gihsoni^  that  had  been  the  subject  of 
such  prolonged  and  exhaustive  studies  on  the  part  of  Garruthers  and 
Solms-Laubach,  in  Europe.  ]t  proved  also  to  be  at  least  generically 
identical  with  the  celebrated  fruit  called  Bennettites  Morierei^  from  the 
Jurassic  of  Calvados  in  France,  so  beautifully  monographed  by 
Professor  Lignier. 

A  cross  section  was  also  made  while  I  was  at  Xew  Haven,  and  from 
these  sections  I  was  able  to  write  the  descrii^tion  of  the  internal 
structure  of  these  fruits  as  given  above. 

I  was  convinced  that  other  sx)ecimens,  both  in  the  Yale  collection 
and  in  that  of  the  United  States  National  Museum,  would  show  perfect 
fruits  if  properly  treated,  and  I  took  that  occasion  to  urge  Professor 
Marsh  to  inaugurate  a  systematic  study  of  the  Yale  collection  from 
this  point  of  view,  which  he  did,  and  Mr.  Wieland  has  continued  the 
work  so  auspiciously  begun.  It  is  therefore  with  great  pleasure  that 
I  dedicate  this  species  to  him,  the  first  to  bring  to  light  the  internal 
structure  of  the  reproductive  organs  of  the  fossil  cycads  of  America. 

This  si)ecies  is  therefore  founded  on  the  two  type  specimens,  Nos.  77 
and  131  of  the  Yale  collection.  No.  77  is  smaller  above  than  below,  and 
is  naturally  oblique  at  both  base  and  summit,  having  lost  nothing.  It 
is  jagged  on  all  sides  with  its  unequal  walls  and  protruding  fruits.  It 
is  32  cm.  high.  Its  major  diameter  varies  from  23  to  25  cm.,  and  its 
minor  from  16  to  21  cm.  It  has  a  girth  near  th^base  of  74  cm.  and  at 
the  summit  of  66  cm.    Its  weight  is  21.09  kilograins. 

No.  131  is  larger  than  No.  77.  It  is  long-conical,  very  obli([uely  trun- 
cated above  so  as  to  want  the  apex  entirely,  also  irregularly  broken 
across  below,  but  the  lowest  part  i)robably  shows  I  the  true  base,  which 
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was  little  if  at  all  contracted.  It  is  elliptical  in  cross  section,  and  a 
number  of  pieces  broken  out  of  one  side  of  the  base  have  been  saved  and 
accompany  the  specimen.  Its  present  height  is  40  cm.,  which,  owing 
to  the  obliquity  of  the  fractures,  probably  represents  its  full  length. 
The  longer  diameter  near  the  base  is  26  cm.  and  the  shorter  one  21  cm. 
The  girth  at  the  base  is  70  cm.,  and  at  a  point  just  below  the  upper 
fracture  66  cm.    It  weighs  22.22  kilograms. 

PI.  CXYI  shows  a  side  view  of  trunk  No.  77.  A  number  of  fruits 
are  clearly  brought  out. 

Oycadeoidea  aspera  n.  sp. 

PI.  CXYIL 

Trunks  small,  subcorneal,  simple,  very  rough  on  the  surface,  light 
brown  varying  to  whitish,  dark  with  white  streaks  within,  moderately 
heavy,  about  20  cm.  high,  nearly  the  same  in  diameter,  and  70  cm.  in 
circumference;  organs  of  the  armor  somewhat  declined  throughout; 
phyllotaxy  not  traceable;  leaf  scars  anomalous  in  having  the  upper 
angle  much  sharper  than  the  lower,  the  reverse  of  the  usual  case  and 
only  elsewhere  observed  in  C.  insoHta,  lower  angle  reduced  to  a  groove, 
a  curve,  or  a  straight  line,  lateral  angles  always  sharp;  scars  small,  12 
to  25  mm.  wide,  10  to  15  mm.  high,  subrhombic;  leaf  bases  present 
usually  projecting  5  to  10  mm.  above  the  walls,  presenting  a  light 
brown,  very  spongy  and  porous  surface,  without  evidence  that  any  of 
the  pores  represent  the  scars  of  vascular  strands;  ramentaceous  inter- 
stices thin,  1  to  5  mm.,  dark  reddish  brown,  sunk  to  varying  depths 
among  the  projecting  leaf  bases  and  other  organs,  scaly  and  laminated 
with  crooked  and  twisted  plates ;  reproductive  organs  as  numerous  as 
the  leaf  scars,  projecting  much  beyond  the  petioles,  sometimes  3  cm. 
high,  solid  or  variously  broken  and  jagged,  occasionally  somewhat  cav- 
itous,  scarcely  showing  any  involucral  scales,  but  in  addition  to  all  the 
other  organs  described  are  small  angular  bracts,  mostly  broken  down, 
presenting  sharp  edges  and  projections  over  the  surface,  intermediate 
in  character  betweeu  scales  and  leaves,  properly  to  be  classed  as  bris- 
tles or  perulse;  all  the  different  projecting  organs  giving  the  trunk  a 
ragged  and  bristling  appearance;  armor,  including  projections,  6  cm. 
thick,  the  vascular  strands  traceable  far  into  the  woody  zone  and  inner 
limit  not  definite;  parenchymatous  layer  15  mm.  thick,  i)enetrated  by 
the  whitened  leaf  bundles;  secondary  wood  2  cm.  thick,  consisting  of 
two  nearly  equal  rings,  the  outer  white,  the  inner  black  or  dark  blue 
in  the  only  specimen  known;  medulla  6  cm.  in  diameter,  dark,  fine- 
grained and  homogeneous. 

This  species  is  based  on  the  single  specimen,  No.  104  of  the  Tale  col- 
lection, which  is  somewhat  less  than  half  of  a  trunk  that  divided  along 
a  vertical  plane  from  top  to  bottom  almost  as  smooth  and  even  as  if 
sawn  through  by  a  gang  saw,  exposing  the  interior  in  an  admirable 
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manner.  Its  only  affinities  are  with  G.  Paynei^  and  tlie  specimen, 
though  smaller,  has  a  remarkable  resemblance  to  No.  5  of  the  U.  S. 
National  Musenm  (cf.  Pis.  CXIY  and  CXV),  AYhich  was  cut  through 
on  the  same  plane  as  this  specimen.  The  resemblance  is,  however, 
more  apparent  than  real,  and  the  descending  leaves  and  esi)ecially  the 
inverted  scars  clearly  exclude  it  from  that  species.  Add  to  this  that 
no  specimens  of  G.  Paynei  have  been  found  elsewhere  than  in  the  origi- 
nal Minnekalita  locality,  and  the  improbability  of  this  belonging  to  that 
species  is  very  great.  It  is  too  perfect  a  specimen  to  class  as  undeter- 
minable, and  there  seems  no  course  left  than  to  treat  it  as  constituting 
a  new  species. 

Fig.  1  of  PL  CXVII  represents  the  rough  outer  surface  and  Fig.  2  the 
inner  face. 

The  specimen  is  from  the  Blackhawk  region. 

OyCADEOIDEA  INSOLITA  n.  sp. 
Pis.  CXVIII,  CXIX. 

Trunks  medium  sized,  unbranched,  somewhat  elliptical  in  cross  sec- 
tion, subcylindrical  or  subconical;  rock  substance  light  colored,  mod- 
erately hard  and  heavy;  height  of  trunks  30  to  40  cm.,  diameter  30 
to  35  cm.,  girth  about  1  meter;  organs  of  the  armor  nearly  horizontal; 
leaf  scars  irregularly  distributed  over  the  surface,  very  variable  in 
size  and  shape,  rhombic  or  subrhombic,  in  the  latter  case  having 
the  more  acute  angle  above  and  the  more  obtuse  one  below,  i.  e., 
the  opposite  of  the  normal  condition,  15  to  25  mm.  wide,  8  to  15 
mm.  high,  sometimes  emi)ty  to  some  depth,  but  in  some  such  cases 
the  summits  of  the  leaf  bases  showing  the  vascular  bundles  in  tlie 
form  of  little  rods  or  pins  projecting  upward  and  forming  a  row  all 
round  the  leaf  bases  close  to  the  margin  witli  others  near  the  center, 
about  18  to  each  leaf;  leaf  bases  sometimes  projecting  in  the  form  of 
small  cones,  in  which  cases  the  bundles  can  be  seen  either  as  black  dots 
or  as  little  x)rotuberances  around  the  sides  of  the  cones;  ramentum 
walls  thin  but  variable,  1  to  4  mm.,  firm  and  sharp  on  the  edges  of 
the  scars,  grooved  along  the  middle;  reproductive  organs  abundant, 
disturbing  the  phyllotaxy,  tending  to  congregate  and  blend  together, 
presenting  a  rough  surface,  usually  projecting,  rather  small  and  with 
few  bract  scars;  armor  4  to  G  cm.  thick ;  cortical  parenchyma  2  to  3  cm. ; 
fibrous  zone  15  to  30  mm.,  witli  two  or  three  rings,  the  outer  either  pre- 
served and  showing  fine-grained  structure  or  much  decayed,  in  either 
case  consi)icuously  ])artitioned  oft'  by  the  medullary  rays,  the  others 
also  sliowing  woody  wedges;  medulla  8  by  12  cm.  in  diameter  at  the 
base,  enlarging  ui)ward,  hard  and  homogeneous  in  structure. 

This  s[)ecies  is  founded  on  two  sj)e('imens  in  the  Ynle  collection, 
Nos.  50  and  (Ji,  chielly  the  latter,  No.  50  being  only  a  small  fragment. 
The  characters  can  not  be  forced  into  any  other  si)ecies,  esjiecially  the 
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inverted  leaf  scars  and  the  peculiar  habit  of  the  vascular  bundles  in 
the  petioles.  In  IS'o.  33,  which  is  a  branch  of  a  trunk  of  the  type  of 
No.  11,  and  has  been  referred  to  C.  Marshiana,  this  latter  peculiarity  is 
nearly  repeated,  but  this  happens  in  no  other  specimen  of  that  species. 

No.  64  is  the  lowci^  part  of  a  trunk  irregularly  broken  across  the  top 
and  down  one  side  to  near  the  middle.  The  apex  is  therefore  unknown. 
It  is  this  specimen  that  has  furnished  all  the  external  characters,  but 
No.  50  shows  precisely  the  same  characters  so  far  as  it  goes,  and  adds 
somewhat  to  the  knowledge  of  the  internal  parts,  No.  64  weighs  24.95 
kilograms  and  No.  50,  3,29  kilograms. 

PI.  CXVIII  and  Fig.  1  of  PI.  OXIX  illustrate  the  trunk,  No.  64,  but 
the  views  can  not  be  said  to  be  very  satisfactory.  Fig.  2  of  PI.  OXIX 
aftbrds  a  much  better  idea  of  the  leaf  scars  as  they  are  seen  on  the 
outer  surface  of  the  smaller  fragment.  No.  50.  Their  inverted  form  is 
here  made  clear,  though  some  appear  as  true  rhombs. 

Both  si3ecimens  are  from  the  Minnekahta  region. 

OYCADEOIDEA  OCCIDEN'J'ALIS  n.  sp. 

PI.  cxx. 

Trunks  medium  sized,  conical  or  ellipsoidal,  simple  or  with  a  few 
small  secondary  axes,  well  silicified,  moderately  hard  and  heavy,  red- 
dish brown  without,  dark  or  nearly  black  within 5  organs  of  the  armor 
generally  ascending;  phyllotaxy  not  traceable  in  any  of  the  specimens; 
leaf  scars  subrhombic,  variable  in  size,  16  to  25  mm.  long,  10  to  16  mm. 
high,  usually  filled  by  the  leaf  bases;  bundles  not  visible;  ramenta- 
ceous  interspaces  thin,  less  than  2  mm.,  roughened  without,  white  within, 
contrasting  strongly  with  the  black  petiolar  substance  in  longitudinal 
section;  reproductive  organs  rare,  slightly  protruding,  usually  having 
remains  of  the  organs  preserved,  occasionally  decayed  so  as  to  leave 
openings,  obscure  from  without,  distinct  in  sections  longitudinal  to 
them,  penetrating  to  a  depth  of  6  cm. ;  the  substance  above  the  fruit 
light  colored;  fruit  dark,  elliptical  or  ovate,  nearly  homogeneous  and 
showing  no  structure,  subtended  by  strong  involucral  bracts  and 
crowded  by  a  mat  of  chaff  probably  consisting  of  the  summits  of  the 
interseminal  scales;  seeds  not  detectable;  armor  5  to  8  cm.  thick,  irregu- 
larly joined  to  the  woody  axis,  the  outer  or  parenchymatous  portion  of 
which,  to  a  thickness  of  3  cm.,  is  more  or  less  decayed  in  most  of  the 
specimens;  fibrous  zone  divided  into  two  rings,  each  about  15  mm. 
thick,  the  innermost  very  firm  and  fine-grained,  its  inner  wall  (exposed 
in  two  specimens)  regularly  marked  by  the  scars  of  the  medullary  rays, 
the  scars  consisting  of  conspicuous  elongated  depressions  arranged  in 
longitudinal  rows  at  equal  distances  (1  cm.)  from  one  another;  the 
scars  nearly  the  same  distance  one  above  another  but  alternating  so 
as  to  form  diagonal  rows  crossing  the  vertical  ones  at  an  angle  of  nearly 
450 ;  inner  face  of  the  second  ring  of  wood  (exposed  over  a  small  area 


WARD.] 


FOSSIL  CYCADEAN  TRUNKS. 


G27 


in  one  specimen;  nearly  smooth  but  faintly  striate  in  a  horizontal 
direction,  marked  with  smaller,  more  distant  scars;  medulla  (repre- 
sented only  in  one  small  disk-shaped  specimen  from  near  the  top  of  a 
trunk,  and  here  thoroughly  crystallized)  scarcely  known. 

Four  of  the  fragments  i)icked  up  by  me  belong  to  this  species.  They 
are  Nos.  11,  12,  17,  and  18.  No.  11  is  a  large  block  weighiug  over  7 
kilograms,  showing  considerable  of  the  external  surface,  which  is  not 
very  clear.  Portions  of  it  have  been  detached  and  cut  in  several  direc- 
tions to  show  the  internal  structure.  Most  of  such  characters  above 
given  are  derived  from  this  source.  No.  12  is  a  very  small  piece,  con- 
sisting entirely  of  the  fibrous  zone  of  wood,  of  which  it  shows  the  inner 
wall  with  the  scars  identical  in  character  with  those  of  No.  11,  of  which 
it  is  probably  only  a  detached  fragment.  No.  17  is  a  crescent-shaped 
fragment  from  a  small  trunk,  and  weighs  2.27  kilograms.  It  apiiears  to 
have  come  from  near  the  top  of  the  trunk.  No.  18  is  a  thin  horizontal 
zone  or  disk  from  near  the  top  of  a  small  trunk.  The  internal  portion 
is  much  crystallized. 

The  specimens  on  which  this  species  are  based,  though  clearly  dis- 
tinct in  their  external  character:^  from  any  of  the  rest,  are  still  so  frag- 
mentary and  imperfect  that  in  photographing  the  material  they  were 
overlooked,  and  no  views  were  taken  of  the  outer  surface.  One  of 
them,  however.  No.  11,  has  furnished  an  excellent  section  through  the 
armor  and  wood,  an  enlarged  view  of  which  is  shown  on  PI.  OXX. 

All  the  specimens  are  from  the  Minnekahta  region. 

Cycadeoidea  Jenneyana  Ward. 
Pis.  cxxi-cxxxir. 

1894.  Cycadeoidea  Jenneyana  Ward:  Proc.  Biol.  Soc,  Washington,  Vol.  IX,  April  9, 
1894,  p.  87. 

Trunks  large  and  tall,  attaining  a  height  of  130  cm.,  cylindrical,  little 
compressed,  30  to  40  cm.  in  diameter,  the  girth  reaching  over  a  meter 
and  a  half,  firmly  silicified,  more  or  less  chalcedonized  or  opalized 
within,  very  hard  and  heavy,  light  brown  or  reddish  externally,  white 
or  reddish,  sometimes  black  Avithin;  organs  of  the  armor  horizontal  ex- 
cept near  the  summit;  leaf  scars  arranged  in  intersecting  spiral  rows, 
those  passing  from  left  to  right  making  an  angle  of  about  4()o  and 
those  from  right  to  left  of  about  50°  with  the  vertical  axis;  scars 
subrliombic  to  subtriangular  with  mostly  rounded  angles,  sometimes 
kite  shaped,  large,  20  to  30  mm.  wide,  12  to  25  mm.  high,  partially  or 
wholly  filled  with  the  remains  of  the  leafstalks;  vascular  bundles  in  the 
petioles  arranged  in  an  imperfect  row  all  around  near  the  margin  with 
other  straight  rows,  or  somewhat  scattered  in  the  interior,  nnmcrons  (40 
were  counted  in  one  cross  sec^tion),  circular,  ellipti(!al,  cres(;ent-sha[)ed 
or  kidney-shaped  in  section;  ramenta(;eous  inters])aces  very  thick  but 
somewhat  variable  ((»  to  1.')  mm.),  sometimes  roughened  or  irregnlarly 
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affected  by  small  pits  representing  bract  scars,  a  line  of  wliica  may 
run  through  the  center,  dividing  the  walls,  or  by  cracks  which  divide 
them  into  plates  or  small  partitions;  reproductive  organs  numerous, 
large,  and  well  developed,  often  protruding,  sometimes  cavitous,  scat- 
tered over  all  parts  of  the  surface,  axillary  to  the  leaf  scars,  whose 
shai^e  and  order  they  distort,  elliptical  in  outline,  25  to  40  mm.  in  a 
horizontal  and  18  to  26  mm.  in  a  vertical  direction,  surrounded  by 
concentrically  arranged  semilunar  or  somewhat  triangular  bract  scars, 
which  are  sometimes  continued  in  a  horizontal  direction,  converging  and 
blending  with  the  rows  dividing  the  walls,  the  central  portion,  when 
exposed  at  the  margin  of  a  fracture,  taking  the  form  of  an  elongated 
cylindrical  spadix  or  fruit,  which,  seen  in  cross  section,  proves  to  be 
made  up  of  four  large  organs  that  seem  to  contain  two  axes,  and 
seen  in  longitudinal  section,  to  constitute  a  convex  recei^tacle  from  which 
arise  seminiferous  peduncles  (or  filaments)  and  interseminal  (or  inter- 
staminate)  scales,  the  seeds  (or  anthers)  having  disappeared,  leaving  a 
region  of  amorphous  decayed  tissue  occui)ied  by  the  matted  prolonga- 
tions of  the  chaff;  armor  8  to  9  cm.  thick;  liber  zone  very  indistinct; 
cortical  parenchyma  3  to  4cm.  thick;  fibrovascular  zone  about  2  cm., 
without  visible  subdivision  into  rings;  medulla  slightly  elliptical,  the 
major  diameter  16  to  17  cm.,  the  minor  13  to  14  cm.,  black  and  cherty  in 
all  the  specimens,  showing  no  structure,  giving  off  rays  which  may  be 
seen  traversing  the  woody  cylinder. 

The  above  description  is  based  mainly  on  two  large  trunks,  or  i^arts 
of  the  same  trunk,  which,  through  the  intervention  of  Professor  Jenney, 
were  generously  loaned  to  the  Smithsonian  Institution  by  Dr.  Y.  T. 
M'Gillycuddy,  director  of  the  State  School  of  Mines  of  South  Dakota  at 
Rapid  City,  where  they  had  been  deposited.  There  are  many  reasons 
for  believing  that  these  two  pieces  belong  together,  and  with  a  small 
missing  intermediary  piece  constituted  a  tall,  cylindrical  trunk.  One  of 
the  pieces,  about  40  cm.  long,  represents  the  true  base  and  the  other,  58 
cm.  long,  the  true  summit.  The  former  is  scarcely  worn  at  all  while  the 
latter  is  deeply  eroded  all  round  as  the  result  of  having  been  long 
exposed  to  adverse  influences,  probably  by  having  lain  in  the  bottom 
of  a  gulch.  It  is  therefore  considerably  smaller  than  the  normal  diminu- 
tion upward  would  require.  The  difference  applies,  however,  wholly  to 
the  exterior,  and  the  medulla  and  woody  cylinder  are  no  smaller  than 
would  be  the  case  in  an  entire  trunk  at  different  heights.  After  a  care- 
ful examination  I  have  arrived  at  the  conclusion  that  if  they  are  parts  of 
one  trunk  it  would  only  indicate  the  loss  of  about  30  cm.,  which  would 
give  a  total  height  for  the  trunk  of  about  130  cm. 

Only  two  other  tall,  cylindrical  species  of  Oycadeoidea  are  known  to 
me,  viz,  the  C.  excelsa.,  described  below,  and  the  C.  gigantea  of  Seward 
from  the  Purbeck  beds  of  Portland.^  Specifically,  of  course,  G.  Jen- 
ney ana  is  very  distinct  from  both  of  these,  but  in  its  straight,  erect 


^  On  Cycadeoidea  gigantea,  a  new  Cycadean  stem  from  the  Purbeck  beds  of  Portland,  by  A.  C. 
Seward:  Quart.  Jour.  Geol.  See.  London,  Vol.  LlII,  February,  1897,  pp.  22-39,  pis.  1-v. 
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habit  it  somewhat  resembles  C.  gigantea.  It  is  much  less  compressed 
laterally,  aud  if  my  coucliisions  are  correct  as  to  the  amount  missing 
between  the  two  sections,  it  was  taller  by  11  or  12  centimeters.  Mr. 
Seward  does  not  state  the  weight  of  his  specimen,  but  if  the  material 
at  all  resembles  that  of  all  other  cycads  from  those  quarries  its  specific 
gravity  is  low  and  the  weight  would  be  small  in  relation  to  the  bulk. 
He  states  the  girth  of  the  specimen  at  107  cm,  while  that  of  C.  Jen- 
neyana  is  very  nearly  130  cm.  More  exactly,  the  lower  piece  measured 
at  the  middle  is  129.54  cm,  while  the  upper  i:)iece,  both  at  the  lower  end 
and  at  the  middle,  measures  107  cm.  The  difference,  as  explained 
above,  is  chiefly  due  to  erosion  of  the  surface  of  the  latter.  The  lower 
piece  weighs  95.26  kilograms,  and  the  upi)er  86.18  kilograms,  a  total 
of  181.44  kilograms.  The  entire  trunk  must  therefore  have  weighed 
nearly  250  kilograms,  which  would  give  it  the  third  rank,  from  this 
point  of  view,  among  the  fossil  cycads  of  the  world. 

The  question  whether  there  are  any  other  specimens  in  the  U.  S. 
Kational  Museum  collection  that  belong  to  the  same  species  is  a  more 
diflicult  one.  In  1893,  as  stated  above  (p.  562),  an  expedition  was  made 
to  the  locality.  Xo  other  fragments  were  found  by  any  of  our  party, 
although  we  all  searched  diligently  for  several  hours  and  collected  a 
large  amount  of  silicifled  wood.  We  were  told  at  the  ranch  that  a 
man  named  McBride  (not  l^rofessor  McBride,  of  course)  had  been  in 
the  region  and  had  gathered  and  taken  away  all  the  specimens  he 
could  find. 

Later  in  the  summer,  when  I  was  in  California,  Professor  Jenney 
learned  the  whereabouts  of  Mr.  McBride,  who  was  then  in  Dead  wood, 
and  x)urchased  two  fragments  of  cycads  from  him  that  he  said  came 
from  that  locality.  He  also  purchased  two  other  fragments  from 
Mr.  L.  W.  Stillwell  in  Deadwood,  which,  as  he  was  informed,  came  from 
the  same  x)lace.  All  tliese  he  sent  to  Washington,  and  they  constitute 
a  part  of  the  cycad  collection  in  my  hands. 

Upon  careful  examination  of  all  four  of  these  fragments  I  conclude 
that  there  is  nothing  to  negative  the  supposition  that  three  of  them 
belong  to  the  same  species  as  the  large  trunks,  and  I  have  accordingly 
included  them  under  Gycadeoidea  Jenneyana.  They  were  numbered  in 
the  collection  as  McBride  fragments  Xos.  1  and  2  and  Stillwell  frag- 
ment No.  1. 

These  fragn)ents  are  irregular  and  not  well  preserved,  but  they 
evidently  came  from  large  trunks,  and  all  the  characters  that  they 
show  agree  substantially  with  those  of  this  species.  As  they  come 
from  the  same  locality  and  as  a  portion  of  the  great  trunk  is  missing, 
I  have  examined  them  carefully  to  see  whether  they  might  i>ossibly 
belong  to  that  trunk,  but  I  find  no  evidence  of  this.  These  fragments 
weigh,  respectively,  12.25, 11.34,  and  7.26  kilograms. 

A  few  days  after  visiting  the  locality  on  Bhick's  rancii  I  was  in  Hot 
Springs,  and  i)urchase(l  a  number  of  fragments  of  cycads  from  a  dealer 
named  Homer  Moore.    Two  of  these  which  fitted  together,  forming  a 
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block  weighing  a  little  more  tlian  7  kilograms,  evidently  belonged  to  a 
very  large  trunk,  and  these  show  a  number  of  characters  which  agree 
with  those  of  C.  Jenneyana.  In  fact  they  very  closely  resemble  the 
Stillwell  fragment  ^o.  1,  so  that  whatever  is  done  with  the  one  must 
be  done  also  with  the  other.  Mr.  Moore  thought  that  these  specimens 
came  from  the  Minnekahta  region,  but  was  uncertain  as  to  their  source. 
They  certainly  differ  specifically  from  any  of  the  material  from  that 
region  and  agree  substantially  with  most  of  that  from  Black's  ranch. 
I  shall  therefore  include  them  under  C.  Jenneyana. 

I  had  in  hand  two  small  slabs  belonging  to  the  Woman's  College  of 
Baltimore,  purchased  by  Mr.  Arthur  Bibbins  for  that  college  at  the 
World's  Columbian  Exposition  in  Chicago  and  sent  over  along  with  the 
Bibbins  collection  from  Maryland.  Mr.  Bibbins  was  informed  when  he 
purchased  these  fragments  that  they  came  from  the  Black  Hills  in 
America  and  that  they  were  cut  and  i)olished  in  Germany.  I  can  well 
believe  this,  as,  so  far  as  they  go,  they  are  substantially  identical  with 
the  material  from  Black's  ranch,  and  I  am  obliged  to  refer  them  to  the 
present  species.  They  contain  none  of  the  woody  cylinder  but  are  con- 
fined to  the  armor,  of  which  they  show  a  thickness  of  3  to  5  cm.  The 
exterior  is  obscure  and  closely  resembles  the  Stillwell  fragment  No.  1, 
and  the  Homer  Moore  fragment,  but  the  inner  face  is  cut  in  a  direction 
transverse  to  the  leaf  bases,  which  are  beautifully  shown,  and  also 
in  the  opposite  direction  showing  the  organs  in  longitudinal  section. 
Fruiting  axes  are  thus  exposed,  and  much  of  the  above  description 
relating  to  the  structure  of  these  organs  is  derived  from  a  study  of 
these  sections.  I  have  no  doubt  that  the  other  specimens  when  simi- 
larly cut,  as  they  will  be  eventually,  will  furnish  the  same  characters. 
In  fact,  they  can  noAv  be  indistinctly  seen  on  a  number  of  fractured 
surfaces. 

These  specimens  bear  the  labels  of  the  museum  of  the  Woman's 
College,  Nos.  1501  and  2128.  The  former  weighs  532  grams  and  the 
latter  489  grams.  They  are  exactly  alike  in  all  essential  respects,  and 
may  well  have  belonged  to  the  same  trunk. 

In  the  Yale  collection  there  are  21  specimens  that  appear  to  belong 
to  this  species.  These  are  Kos.  81,  87,  88,  90,  91,  93,  96,  97,  98,  101, 
102,  108,  109,  111,  112,  113,  111,  115,  116,  120,  121,  124,  125,  and  126. 
It  will  be  observed  that  all  but  the  first  two  of  these  came  with  the 
last  cwo  invoices  and  are  from  the  Blackhawk  region,  the  same  Irom 
which  the  original  type  of  the  State  School  of  Mines  was  obtained. 
The  two  reported  from  the  Minnekahta  region,  Nos.  81  and  87,  also 
belong  to  this  species  beyond  a  doubt.  ISo.  81  consists  of  eight  small 
fragments  which  all  fit  together  and  form  an  irregular  segment  from  a 
large  trunk  similar  to  those  belonging  to  the  State  School  of  Mines  of 
South  Dakota.  Indeed,  they  might  have  belonged  to  the  suj^posed 
missing  portion  of  the  tall  trunk  which  those  two  pieces  are  believed 
to  have  so  nearly  constituted  (see  PI.  CXXV).  The  eight  fragments 
together  weigh  9.5  kilograms. 
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-N^o.  87  also  consists  of  a  uiimber  (five)  of  small  fragments  that  can 
be  built  up  into  a  segment  of  a  trunk,  and  all  together  weigh  7.6  kilo- 
grams; but  these  do  not  so  closely  resemble  the  type  specimens.  Still 
the  characters  they  possess  are  those  of  this  species.  Professor  Marsh 
thought  that  these  specimens  came  from  the  Blackhawk  locality,  but 
jMr.  Stillwell,  from  whom  they  were  purchased,  states  that  they  were 
obtained  3  miles  southwest  of  Minnekalita  station.  This  agrees 
closely  with  the  original  locality.  I  am  disposed  to  believe  that  there 
has  been  some  mistake,  and  that  these  particular  specimens  are,  after 
all,  from  the  Blackhawk  region. 

Of  the  other  22  from  the  Blackhawk  region  Kos.  91,  113, 120,  and  124 
are  somewhat  doubtful.  No.  91  has  a  large  terminal  bud  8  cm.  high, 
elliptical  in  cross  section  and  15  by  20  cm.  in  diameter,  studded  with 
polygonal  bract  scars  5  to  8  mm.  in  diameter,  filled  with  the  bases  of  the 
bracts  or  small  leaves  matted  together  and  exposed  on  the  sides  of  the 
terminal  bud,  which  have  suffered  from  erosion  (see  PI.  OXXXI).  I 
have  not  included  this  bud  in  the  description  of  the  species  on  account 
of  doubts  as  to  the  true  aftinities  of  this  specimen,  which,  if  it  belongs 
here,  is  the  only  one  in  which  the  bud  is  preserved.  The  surface  is  so 
badly  worn  that  all  the  reliable  characters  are  obscured,  except  that  in 
general  shape  the  specimen  agrees  with  others  of  this  species.  The 
scars  are  large  and  the  walls  thick,  which  further  confirm  this  supposi- 
tion. Xo.  113  is  also  badly  worn  and  metamorphosed,  but  probably 
belongs  to  this  species.  It  is  a  fine  trunk,  nearly  complete,  55  cm. 
high,  and  weighs  91.17  kilograms.  Xo.  120  is  an  interesting  specimen, 
and  shows  a  great  number  of  large  fruits,  which  stand  out,  having 
resisted  the  deep  erosion  of  the  surface  (see  PI.  OXXXII).  Xo.  121  is 
a  mass  of  quartz  and  only  a  fragment,  but  in  all  probability  came  from 
a  trunk  of  C.  J enneyana. 

The  rest  of  the  specimens,  though  mostly  fragments  and  segments 
from  large  trunks,  are  not  doubtful,  as  they  show  surface  characters  in 
all  cases  which  are  distinctive.  Several,  however,  are  fine  trunks. 
Xo.  101,  though  in  three  sections  perfectly  fitting  together,  is  an  almost 
complete  trunk,  laterally  compressed,  97  cm.  high,  and  weighs  183.71 
kilograms,  which  is  a  little  more  than  1  kilogram  heavier  than  both 
pieces  of  the  type  specimen  from  the  State  School  of  Mines  of  South 
Dakota.  Unfortunately  the  surface  is  badly  worn  and  the  most  impor- 
tant characters  are  obscured.  Xo.  102  is  the  lower  part  (30  cm.)  of 
the  largest  trunk  of  the  species  thus  far  known.  It  is  nearly  circular 
in  cross  section,  has  a  diameter  of  47  cm.,  and  a  girth  of  150  cm.  Its  sur- 
face is  also  in  a  fair  state  of  preservation  (see  Pis.  CXXVII-CXX IX). 
Xo.  121  is  a  similar  but  much  smaller  basal  portion.  Xo.  115  is  anoma- 
lous in  many  rCvSpects  and  might  have  been  included  among  tlie  doubtfnl 
cases.  Though  in  two  ])ieces  it  is  nearly  coin])lete  and  weighs  <S7.77 
kilograms,  having  a  height  of  00  cm.  and  a  girth  of  10(>  cm.  Some 
of  the  leaf  bases  are  horizontal,  whih^  others  are  strongl>'  (le(;lincd. 
The  latter  are.  all  on  one  side  Ijclow  the  iiiiddh',  and  in  the  case  of 
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certain  abnormally  small  but  strongly  projecting  leaf  bases  there  is 
the  additional  peculiarity  that  they  are  converted  into  impure  opal  or 
blue  quartz  (see  PI.  OXXX).  ]N^o.  116  is  also  a  fine,  nearly  complete 
trunk  49  cm.  high,  42  by  30  cm.  in  diameter,  120  cm.  in  girth,  and  weighs 
85.73  kilograms. 

Pis.  OXXI-OXXy  illustrate  the  great  trunks  from  the  State  School  of 
Mines  of  South  Dakota.  Pis.  GXXI  and  CXXII  show  the  external  sur- 
face of  both  trunks  on  the  two  opposite  sides.  PI.  CXXIII  shows  the 
true  base  and  true  summit,  the  latter  somewhat  decayed,  forming  a 
depression  or  ''crow's  nest."  PI.  GXXIV  gives  a  view  of  the  two  ends 
that  would  have  matched  each  other  had  nothing  been  lost.  In  PL 
OXXV  the  two  segments  are  placed  as  nearly  as  possible  in  the  posi- 
tion in  which  they  stood  when  living,  with  an  estimated  interval  between 
them  for  the  i^ortions  lost. 

PI.  OXXYI  represents  the  polished  surface  of  No,  1501  of  the  Museum 
of  the  Woman's  College  of  Baltimore  and  shows  the  characters  above 
described  for  that  specimen. 

Pis.  CXXVII-GXXXII  represent  the  specimens  of  the  Yale  collec- 
tion, Nos.  91,  102,  115,  and  120,  as  mentioned  above  and  as  fully 
explained  in  the  descriptions  of  the  plates. 

It  will  be  seen  from  the  above  that  32  specimens  have  been  referred 
to  this  species.  Of  these,  27,  including  all  the  larger  trunks,  were  found 
with  certainty  in  the  Blackhawk  region.  Two  were  reported  from  the 
Minnekahta  region  and  probably  came  from  there.  The  source  of  the 
other  three  is  uncertain. 

Oycadeoidea  ingens  n.  sp. 

Pis.  CXXXIII-CXLIII. 

Trunks  large  or  colossal,  ellipsoidal  in  form,  thickest  at  the  middle 
part,  diminishing  and  more  or  less  rounded  off  at  both  base  and  sum- 
mit, slightly  elliptical  or  nearly  circular  in  cross  section,  unbranched 
or  with  a  few  small  secondary  axes  in  the  form  of  protuberances,  usu- 
ally of  a  dark  color,  hard  consistences  and  high  specific  gravity,  attain- 
ing a  maximum  height  of  85  cm.,  girth  of  170  cm.,  and  weight  of  over 
300  kilograms;  organs  of  the  armor  slightly  declined  near  the  base, 
horizontal  in  the  middle  i)ortion,  ascending  above,  and  erect  at  the 
apex,  producing  a  large  terminal  bud  consisting  of  the  bases  of  some- 
what flattened  leaf  like  bracts  or  scales;  leaf  scars  arranged  in  two 
sets  of  rows  passing  spirally  round  the  trunk,  intersecting  each  other, 
and  forming  each  a  difterent  angle  with  the  axis,  those  passing  from 
left  to  right  forming  an  angle  of  about  35^  to  45^,  while  those  passing 
from  right  to  left  form  an  angle  of  50°  to  60^;  scars  large,  35  to  50  mm. 
wide,  20  to  35  mm.  high,  peculiar  in  shape,  the  lateral  angles  drawn  out 
into  sharp  points  by  the  incurving  of  the  sides,  the  vertical  consisting 
of  mere  curves,  varying  from  this  to  simple  gibbosity;  leaf  bases  always 
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present,  filliug  the  scars  and  often  projecting,  presenting  either  plane 
or  slightly  convex  surfaces;  vascular  bundles  in  one  row  closely  set 
together  and  very  near  the  margin,  and  an  irregular  ring  at  the  center 
inclosing  an  empty  space;  ramentaceous  interspaces  thin,  3  to  10  mm., 
scaly  or  laminated,  sunk  below  the  leaf  bases,  forming  grooves  on  the 
surfaces  of  the  trunk,  often  white  in  color,  contrasting  with  other  parts; 
reproductive  organs  abundant,  especially  in  the  upi)er  part  of  the 
trunks,  very  different  from  the  leaf  bases,  usually  large,  elliptical,  5  to 
6  cm.  wide  by  3  to  4  cm.  high,  sometimes  solid  and  projecting,  but  usually 
with  an  opening  at  the  top  or  cavitous  and  crater-like,  surrounded  by 
numerous  bract  scars  tilled  with  the  bases  of  the  bracts,  which  are  usu- 
ally narrowly  triangular  or  nearly  flat;  armor  5  to  10  cm.  thick,  more  or 
less  clearly  marked  off  from  the  underlying  tissues;  cortical  parenchyma 
3  to  4  cm.  thick;  zone  of  secondary  wood  4  cm.;  medulla  10  to  20  cm.  in 
diameter. 

A  perfectly  well  characterized  species  differing  entirely  from  any  of 
those  based  on  specimens  from  the  Minnekahta  region.  It  is  also  very 
distinct  from  C.  Je)nieyana,,  which  is  the  leading  form  of  the  Blackhawk 
region.  Still,  this  species  is  also  common  there,  and  is  represented  in 
the  collection  by  eight  specimens,  viz,  I^os.  92,  94,  99,  100,  103,  117, 
122,  and  123.  No.  100  is  taken  as  the  type  and  is  the  next  largest 
cycadean  trunk  known  in  the  world,  weighing  303.91  kilograms.  It 
slightly  exceeds  in  height  the  U.  S.  National  Museum  type  of  C.  colos- 
salis,  having  a  maximum  length  of  85  cm.  Its  diameters  are  respec- 
tively 02  cm.  and  49  cm.,  and  it  has  a  girth  of  170  cm.  But,  like  all 
other  specimens  of  this  species,  it  diminishes  in  size  toward  each 
end  and  is  somewhat  barrel-shaped.  Nos.  103  (see  PI.  CXXXVI^ 
CXXXVII)  and  117  (see  PI.  CXXXVIll,  OXXXIX)  represent  the 
lower  part  of  two  other  large  trunks,  and  the  summit  is  represented 
only  in  No.  100.  No.  94  (see  PI.  CXL,  OXLI)  comes  next  in  point  of 
interest  in  affording  most  of  our  knowledge  of  the  internal  structure  of 
the  species,  including  the  markings  on  the  medulla.  No.  123  (see  PI. 
CXLII,  OXLIII)  is  also  instructive  from  this  point  of  view.  The  rest 
are  fragments,  but  all  add  to  the  complete  conception  of  the  species. 

The  form  of  the  leaf  scars  is  imitated  very  closely  by  two  other 
species,  one  of  which,  C.formosa,  is  represented  by  only  one  specimen, 
No.  89.  The  other  is  C.  StilliceUi,  and  this  is  made  very  clear  by  the 
new  material  added  by  the  spec^imens  last  sent  from  the  Blackhawk 
region  by  Mr.  Wells,  especially  No.  105.  In  both  these  cases,  however, 
the  scars  are  much  smaller,  and  this  is  particularly  the  case  with  C. 
IStiliicelli. 

The  species  is  illustrated  by  Pis.  CXXXIII-CXLIII,  which  have 
been  commented  upon  in  the  foregoing  remarks  and  are  further  fully 
explained  in  the  descrij)tions  of  the  plates. 

All  the  sjiecimeiis  are  from  the  Blackhawk  region. 
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OyCADEOIDEA  FORMOSA  H.  Sp. 
Pis.  CXLIV-CXLVI. 

Trunks  of  moderate  size,  short-conical,  unbranched,  dark  brown, 
nearly  black  within,  of  average  specific  gravity,  about  25  cm.  high, 
nearly  30  cm.  in  diameter  and  having  a  girth  of  somewhat  less  than  a 
meter;  organs  of  the  armor,  even  the  lowest,  somewhat  ascending  with 
a  uniform  angle;  leaf  scars  arranged  in  two  series  of  spiral  rows,  those 
of  both  series  making  an  angle  with  the  axis  of  about  50^;  scars  large 
for  the  size  of  the  trunk,  peculiar  in  shape,  the  lateral  angles  very 
sharj),  the  vertical  ones  very  obtuse  and  rounded,  the  bounding  sides 
usually  curving  dowuAvard  and  upward  on  the  right  and  left,  causing 
the  scars  to  be  drawn  out  laterally  corresponding  to  wings  of  the 
petioles,  lower  side  more  pronounced  than  the  upper  in  such  a  manner 
that  a  line  joining  the  lateral  angles  divides  the  scar  into  unequal  areas, 
varying  to  simply  gibbous  by  the  absence  of  the  above-described  curves; 
distance  between  lateral  angles  25  to  30  mm.,  that  between  highest 
and  lowest  points  16  to  20  mm.;  leaf  bases  always  present,  usually 
projecting  somewhat,  sometimes  nearly  1  cm.,  outlines  definite,  conform- 
ing to  shape  of  scars,  exposed  ends  presenting  surfaces  that  are  exactly 
square  or  tangential  to  the  trunk,  never  convex  nor  concave,  smooth 
but  not  polished,  covered  by  a  diaphragm  representing  a  natural  plane 
of  disarticulation,  this  layer,  however,  sometimes  removed,  in  which 
case  small  projecting  points  are  irregularly  scattered  over  the  surface 
of  the  leaf  base;  outer  row  of  leaf  bundles  very  close  to  the  margin, 
faintly  visible  at  the  ends,  more  clearly  as  striae  on  the  eroded  sides 
of  projecting  leaf  bases;  ramentum  walls  thin,  1  to  3  mm.,  thickening 
at  the  angles,  sunk  below  the  petioles  and  usually  separated  from  tbem 
by  a  crack,  dull  colored,  loose  in  structure  and  somewhat  pitted,  having 
the  appearance  of  cracks  filled  with  mud  or  extraneous  matter;  repro- 
ductive organs  numerous  and  well  marked,  occurring  at  all  i)oint8,  but 
tending  to  an  arrangement  in  vertical  rows,  one  above  another,  with  a 
trend  difi'erent  from  that  of  either  of  the  rows  of  leaf  scars,  projecting 
beyond  the  leaf  bases  to  which  they  bear  no  resemblance,  rounded  or 
elliptical,  3  to  G  cm.  in  diameter,  never  cavitous,  usually  exhibiting 
concentrically  arranged  scars,  the  circular  central  portion  inclosed  in 
a  tube  surrounded  by  involucral  bract  scars  occupied  by  the  bases  of 
the  bracts  which  project  in  miniature  imitation  of  the  leaf  bases,  the 
central  portion  sometimes  occupied  by  small  cylindrical  bodies  or  rods 
1  mm.  in  diameter  and  1  to  5  mm.  long,  consisting  of  nearly  pure  quartz; 
armor  5  cm.  thick,  definitely  separated  from  the  axis  by  a  porous  liber 
zone  of  appreciable  thickness;  cortical  parenchyma  15  mm.  thick; 
secondary  wood  4  cm.  thick,  consisting  of  two  distinct  rings  of  about 
equal  thickness  separated  by  a  peculiar  scalloped  line,  apparently 
caused  by  the  convex  edges  of  woody  wedges,  5  mm.  thick,  separated 
by  thin  medullary  rays;  medulla  9  cm.  in  diameter,  somewhat  hetero- 
geneous or  chambered  in  structure. 
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This  species  is  represeDted  by  the  single  specimen  No.  80  of  the  Yale 
collection.  It  has  close  affinities  on  the  one  hand  with  C.  ingens  and 
on  the  other  with  C.  Stillivelli,  while  all  these  are  related  to  C.  McBridei, 
but  it  is  impossible  to  refer  it  to  any  of  these  species. 

PL  CXLIV  shows  the  side  of  the  trunk  with  the  peculiar  shaped 
scars  and  two  of  the  vertical  rows  of  fruiting  organs.  PI.  CXLV 
shows  the  remarkable  smooth  base  with  its  concentric  structure.  PI. 
CXLVI  is  a  view  of  the  top  where  the  thickness  of  the  armor  and 
other  features  appear  to  advantage. 

The  specimen  is  from  the  Blackhawk  region. 

Cycadeoidea  Stillwelli  n.  sp. 

Pis.  CXLVII-CLII. 

Trunks  small,  cylindrical,  or  more  or  less  laterally  compressed,  30  to 
40  cm.  high,  15  to  25  cm.  in  diameter,  40  to  70  cm.  in  girth,  reddish  or 
light  colored  externally,  cherty,  flinty,  or  more  or  less  agatized  within, 
simi)le,  or  bearing  a  few  small  branches  in  the  form  of  projections  or 
protuberances,  short-conical  at  the  summit,  Avith  a  natural  depression 
at  the  apex  studded  with  small  polygonal  scars  and  a  gentle  swelling 
at  the  center;  organs  of  the  armor  nearly  horizontal ;  leaf  scars  arranged 
in  two  series  of  spiral  rows,  those  from  left  to  right  making  an  angle  of 
40O  to  50O,  those  from  right  to  left  of  30°  to  50^  with  the  axis  of  the 
trunk;  leaf  scars  normally  almost  exactly  rhombic  or  diamond-shaped, 
but  with  a  tendency  on  the  one  hand  to  the  rounding  of  the  vertical 
angles  and  on  the  other  to  the  incurving  of  the  sides  so  as  to  exagger- 
ate the  acuteness  of  the  lateral  ones,  this  sometimes  very  marked; 
scars  small,  20  to  25  mm.  wide,  15  to  20  mm.  high,  occasionally  almost 
as  high  as  wide,  the  lateral  diagonals  about  horizontal  and  the  vertical 
ones  perpendicular  to  them  or  vertical;  leaf  bases  always  present, 
filling  the  scars,  often  projecting,  sometimes  considerably,  the  ])etioles 
disarticulating  at  several  different  jioints  by  means  of  a  diaphragm 
which  forms  a  thin  layer  over  the  ex})osed  summits,  the  occasional 
absence  of  which  leaves  a  rough,  spongy  or  porous  structure;  vascular 
bundles  arranged  in  two  rows,  one  near  the  margin  and  parallel  to 
it,  the  other  forming  an  elliptical  ring  at  the  center  3  by  4  mm.  in 
diameter,  both  rows  usually  ap))earing  in  the  form  of  denticulate  ridges; 
ramcntaceous  walls  very  thin,  1  to  2  mm.,  often  sharp  at  the  surface, 
generally  sunk  below  the  leaf  bases,  forming  grooves  or  deep  channels 
between  them,  the  surface  therefore  consisting  chieHy  of  the  latter,  in 
tlie  more  abnormal  forms  of  scar  describing  a  double  (curvature  and 
having  somewhat  the  shape  of  a  ''line  of  beauty"  in  i)enmanshii)  or 
one  of  the  i)arts  of  a  Buddhist  cross  or  "swastika,"  sometimes,  how- 
ever, i)rojecting  so  as  to  leave  a  groove  around  the  outer  edge  of  the 
convex  summits  of  the  leaf  bases;  reproduc^tive  organs  few,  more 
numerous  on  the  narrower  sides  of  the  trunk,  disposed  somewhat  in 
rows  or  cliains,  generally  parallel  to  tlie  axis  but  sometimes  running 
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round  the  trunk,  more  or  less  contiguous,  consisting  of  protuberances, 
some  rising  above  the  highest  leaf  bases,  closed,  or  more  commonly 
open  at  the  top,  sometimes  crater-like  but  generally  truncated,  x>re- 
senting  an  irregular  surface  with  numerous  pits  or  pores  at  the  center 
surrounded  by  bract  scars  which  are  sometimes  empty,  but  usually 
occupied  by  the  bases  of  narrowly  triangular  or  flattish  bracts  project- 
ing and  squarely  truncated  with  thin  interspaces  in  miniature  imitation 
of  the  leaf  bases;  armor  much  thicker  on  the  narrower  than  on  the 
broader  sides  of  the  trunk,  3  to  0  cm.  thick  in  the  former  and  2  to  3  cm. 
in  the  latter  case,  clearly  and  definitely  marked  off  from  the  woody 
axis  by  a  cambium  line;  cortical  parenchyma  15  to  20  mm.  thick;  sec- 
ondary wood  zone  10  to  20  mm.,  A^ery  fine  grained  and  clearly  marked 
ofi'  from  the  last;  medulla  somewhat  elliptical,  5  to  8  cm.  in  diameter, 
marked  on  its  external  surface  by  rows  of  small  rhombic;  projections  of 
a  dark  color  terminating  small  longitudinal  ridges  representing  the 
origin  of  the  medullary  rays. 

The  small  cylindrical  section  of  a  trunk  acquired  through  Professor 
Jenney's  intervention  from  Mr.  L.  W.  Stillwell,  of  Deadwood,  exhibited 
so  many  good  characters,  all  different  from  those  of  any  other  specimen 
in  thelJ.  S.  T^ational  Museum  collection,  that  before  I  had  seen  the  Yale 
collection — in  fact,  long  before  it  was  made — I  had  described  it  as  a  new 
species  and  named  it  for  Mr.  Stillwell.  It  was  reported  to  have  been 
found  in  the  Blackhawk  region,  and  there  is  every  reason  to  believe  that 
such  was  the  case. 

The  Yale  collection  contains  six  specimens  of  this  species,  each  of 
which  adds  something  to  our  knowledge  of  it.  These  are  Nos.  16,  36,  56, 
105, 107,  and  119.  The  first  three  of  these  i^urport  to  come  from  the 
Minnekahta  region,  while  the  others  are  certainly  from  the  Blackhawk 
region.  The  first  of  these  is  somewhat  smaller  than  the  type  and  has 
near  its  summit  two  small  branches.  The  leaf  scars  are  normal  and 
confirm  my  suspicion  that  the  peculiar  form  which  they  have  in  the 
original  specimen  is  due  to  lateral  compression.  It  weighs  nearly  5 
kilograms.  Ko.  36  represents  the  upper  part  of  a  trunk  of  exactly  the 
same  diameter  as  the  Stillwell  specimen,but  with  the  outer  parts  all  worn 
away.  The  summit,  however,  is  perfect.  The  transverse  fracture  has 
supplied  a  number  of  otherwise  missing  or  imperfect  characters.  This 
specimen  weighs  8.17  kilograms.  No.  56  is  larger  and  entire  from  base 
to  summit,  but  broken  in  two  near  the  middle.  It  is  very  elliptical  in 
cross  section  from  lateral  compression,  badly  worn  like  the  others,  and 
has  a  slab  scaled  ofi"  from  one  side,  exposing  the  outer  surface  of  the 
medulla  and  corresponding  inner  wall  of  the  woody  zone.  This  speci- 
men is  39  cm.  high,  15  by  20  cm.  in  diameter,  and  has  a  girth  of  54  cm. 
Its  ellipticity  is,  however,  exaggerated  by  the  greater  erosion  of  the 
flat  sides.    It  weighs  12.7  kilograms. 

No.  105  is  only  a  section  weighing  12.8  kilograms,  with  base  and 
summit  wanting,  also  a  piece  from  one  side,  part  of  which  was  saved, 
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but  the  part  that  remains  shows  the  outer  surface  in  the  most  perfect 
state  of  preservation,  and  much  of  the  above  description  of  the  phyl- 
lotaxy,  leaf  scars,  petioles,  vascular  bundles,  ranientum  walls,  etc.,  is 
derived  from  it.  jS^o.  107  is  also  an  exceedingly  interesting  specimen, 
weighing  9.07  kilograms,  and  is  especially  valuable  as  showing  the  true 
base.  It  is  obliquely  broken  through  from  the  top  to  near  the  bottom, 
but  one  side  shows  the  spiral  rows  of  leaf  scars.  No.  119,  although 
larger,  weighing  11.29  kilograms,  is  not  as  well  preserved,  but  also 
shows  the  base,  which  is  slightly  concave. 

Upon  the  whole,  this  species  may  be  regarded  as  one  of  the  best 
characterized  of  all  that  have  been  based  on  cycadean  trunks  alone. 

PI.  CXLVII  shows  the  best  side  of  the  original  Stillwell  type  with  its 
peculiar  scars.  PI.  CXLVIIl  gives  a  lews  of  No.  30  of  the  Yale  collection 
seen  from  its  best  side  (Fig.  1)  and  from  the  transverse  fracture  (Fig.  2). 
In  the  latter  the  ring  of  exogenous  tissue  can  be  distinctly  seen.  PI. 
CXLIX  shows  trunk  Xo.  56  of  the  Yale  collection  to  good  advantage, 
including  the  exposed  medulla.  The  small  piece  on  the  lower  left  fits 
into  the  upper  part  of  the  fracture.  It  is  here  turned  round  so  as  to 
exhibit  the  counterpart  of  the  medulla  as  impressed  on  the  inner  wall 
of  the  woody  zone.  PI.  CL  shows  at  Fig.  1  the  most  perfect  side 
of  Xo.  105,  the  regularity  of  whose  scars  is  scarcely  exceeded  by  any 
known  cycadean  trunk.  Fig.  2  of  the  same  i^late  shows  the  side  oppo- 
site, on  which  the  leaf  bases  project  to  unequal  distances  above  the 
surface.  PL  CXLI  gives  two  views  of  Xo.  107,  the  peculiar  shape  of 
which  is  described  above.  Fig.  1  represents  the  narrow  portion  between 
the  oblique  even  base  and  the  plane  fractured  surface  parallel  with  it. 
It  is  over  this  area  that  the  arrangement  of  the  scars  is  most  definite. 
Fig.  2  is  a  good  view  of  the  base,  but  also  takes  in  the  broadest  side  of 
the  inclined  trunk  above.  PI.  CLII  shows  a  side  (Fig.  1)  and  a  base 
(Fig.  2)  view  of  Xo.  119.  The  latter  is  perhai)S  the  best  exposure  of  the 
base  that  we  have. 

Oycadeoidea  excelsa  n.  sp. 

Pis.  CLIII-CLV. 

Trunks  tall,  compressed-cylindrical  (only  specimen  known  91  cm.  high 
and  truncated)  with  an  enlarged  base,  112  cm.  in  circumference  at  the 
base,  80  to  90  cm.  at  all  other  points,  light  ash  colored  without,  whitish 
or  bluish  within,  soft  externally,  fine-grained  inside  and  moderately 
liard,  with  the  si)ecific  gravity  rather  low,  unbranched  but  more  or  less 
irregular,  crooked,  zigzag,  and  inclined;  organs  of  the  armor  liorizon- 
tal,  or  at  right  angles  to  the  axis;  leaf  scars  disi)osed  in  two  series  of 
si)iral  intersecting  rows,  those  from  left  to  right  making  an  angle  of 
20^,  those  from  right  to  left  of  50'^  with  the  axis;  scars  imperfectly 
rliombic  or  rectangular,  the  diagonals  Id  to  25  mm.,  the  hiteral  angles 
nearly  alike,  the  vertical  ones  usually  unlike,  the  uj)|)(*r  consisting  of  a 
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deep  but  obtuse  sinus,  the  lower  also  obtuse  but  relatively  shallow, 
sometimes  reduced  to  a  gentle  concave  curve  formed  by  the  two  lower 
sides ;  leaf  bases  generally  preserved  to  within  2  cm.  of  the  surface,  dis- 
articulated at  a  natural  joint,  their  surfaces  even  and  concave  but  rough- 
ened and  affected  by  many  small  dots  of  a  dark  color,  irregularly 
arranged,  perhaps  representing  gum  ducts,  aud  some  large  pits  which 
may  have  contained  leaf  bundles;  ramentaceous  walls  thin  and  frail,  1 
to  2  mm.,  of  a  light  color  within,  contrasting  with  the  darker  leaf  bases, 
thickened  at  the  angles  and  more  or  less  compound,  with  a  few  small 
pits  representing  scars  of  bracts  or  peruliE ;  reproductive  organs  numer- 
ous, usually  solid,  harder  than  the  remaining  parts,  hence  often  project- 
ing from  the  eroded  surfaces,  of  different  sizes,  the  smaller  ones  proba- 
bly abortive  aud  occupying  angular  spaces  among  the  leaves,  the  walls 
dividing  and  surrounding  them,  circular  iu  section,  with  or  without 
bract  scars,  the  larger  ones  lying  in  interrupted  rows  running  in  the 
same  direction  as  those  of  the  scars  which  tbey  crowd  and  distort, 
elliptical  in  section,  the  longer  diameter  being  along  the  line  of  the 
rows,  25  by  38  mm.  in  diameter,  usually  solid  except  their  roughened 
extremities,  sometimes  open  or  crater-like  at  the  summit,  a  few  solid 
and  cylindrical  (one  of  which  has  been  detached  and  will  be  sliced  for 
microscopic  sections) ;  armor  4  to  7  cm.  thick,  separated  from  the  axis 
by  an  even  line;  parenchymatous  zone  2  cm.  thick;  fibrous  zone  3  cm., 
divided  into  three  rings,  one  of  which  exhibits  in  places  a  somewhat 
open  structure,  crossed  by  thin  medullary  rays  and  inclosed  between 
walls  or  sheaths  of  harder  material;  medulla  13  cm.  in  diameter  and 
nearly  circular,  solid,  fine  grained,  and  homogeneous  in  structure. 

The  fine  specimen  upon  which  the  above  description  is  wholly  based 
was  purchased  by  me  from  Mr.  Homer  Moore,  at  Hot  Springs,  Soutli 
Dakota,  on  August  22,  1895,  together  with  the  two  fragments  above 
described  belonging  to  C.  Jenneyana.  It  consists  of  four  pieces  which 
belong  together  and  form  a  very  remarkable  trunk,  differing  greatly 
from  any  otber  from  the  Black  Hills  or  from  any  other  section. 

I  inquired  carefully  into  the  history  of  these  specimens  and  learned 
that  some  years  before  they  had  been  found  by  a  railroad  employee 
named  A.  B.  Noble,  Avho  was  no  longer  in  that  region,  some  2  miles 
below  Hot  Springs  in  a  canyon  or  ravine  which  makes  into  Fall  River 
from  the  northeast.  No  further  details  could  be  gathered,  but  as  it  is  4 
miles  to  Evans  quarry,  where  the  true  Dakota  group  is  exposed,  it  is 
certain  that  the  horizon  must  be  in  the  Lower  Cretaceous,  and  it  is 
probably  substantially  the  same  as  that  of  all  the  other  trunks. 

The  four  pieces  or  sections  which  have  been  numbered  from  1  to  4, 
beginning  with  the  basal  one,  maybe  briefly  described  as  follows: 

No.  1,  which  is  considerably  the  largest  in  all  respects,  represents  the 
true  base  and  swells  out  below  to  a  diameter  of  over  40  cm.  and  a  girth 
of  nearly  112  cm.  It  is  slightly  elliptical,  the  minor  axis  of  a  cross 
section  being  only  33  cm.,  but  part  of  this  difference  is  due  to  the  erosion 
of  the  armor  on  the  broader  sides. 


WARD.  J 


FOSSIL  CYCADEAN 


TRUNKS. 


639 


^o.  2  is  a  shorter  and  smaller  piece,  but  fits  perfectlj^  upon  the  upi^er 
fracture  of  ]S  o.  1,  which  is  somewhat  oblique.  On  one  side  a  large  ellip- 
tical area  has  decayed,  forming*  a  depression  which  reaches  to  the  bot- 
tom of  the  leafstalks.  This  depression  is  about  equally  divided  between 
Nos.  1  and  2. 

Ko.  3  is  a  much  shorter  i^iece,  the  upper  fracture  of  which  is  very 
oblique,  so  as  to  make  it  almost  wedge  shaped.  The  upper  surface  of 
No.  2  and  the  lower  surface  of  No.  3  do  not  form  a  perfect  joint.  A  thin 
slice  or  a  number  of  such  pieces  have  apparently  scaled  oft*  and  are 
wanting.  There  is,  however,  abundant  evidence  of  the  general  agree- 
ment of  the  two  sections,  and  one  decayed  area  extends  across  the  break 
and  reappears  on  No.  3. 

No.  4,  which  is  the  uppermost  section,  fits  perfectly  upon  No.  3.  The 
fracture  across  the  top  is  oblique  in  the  opposite  direction  from  that  of 
the  lower  end,  thus  increasing  the  cuneiformity  of  both  sections.  When 
superposed  upon  each  other  these  two  upper  sections  form  a  sort  of 
crook  or  bend  in  the  trunk,  so  that  the  center  of  gravity  falls  consider- 
ably on  one  side  and  the  upper  piece  falls  off  unless  supported. 

The  trunk  has  evidently  long  lain  on  one  side  or  the  otJier  as  deter- 
mined by  the  above-mentioned  crook  or  bend  and  been  subject  to  much 
erosion  on  the  two  exposed  sides,  while  the  other  two  sides  have  corre- 
spondingly escaped.  The  result  is  that  the  leaf  scars  are  deeply  worn 
over  much  of  the  surface,  while  along  the  protected  sides  they  are  i)re- 
served  or  only  irregularly  broken  down,  leaving  what  look  like  jagged 
projections. 

The  weight  of  the  several  pieces  is  as  follows: 

Kilograms. 

No.  1   50.  80 

No.  2   21.32 

Xo.  3   17.02 

No.  i   18.37 


i'otal  weiglit   107.  51 

Nothing  at  all  approaching  this  species  was  found  in  the  Yale 
collection. 

This  species  is  illustrated  by  three  x>hites.  One  side  of  the  specimen 
is  better  preserved  than  the  other,  and  I  have  given  views  of  both  on 
PI.  CLIII  and  OLIV,  the  first  of  which  shows  the  trunk  leaning  to 
the  left  and  the  second  to  the  right.  PI.  CLV  affords  a  good  view  of 
the  base. 

Cycadeoidea  nana  n.  sp. 

Pis.  CLVI,  CLVIl. 

Trunks  very  small,  symmetrical,  short-conical,  laterally  sub(;om- 
pressed,  12  cm.  higli,  l.~>  by  17  cm.  in  diameter,  4U  c.u].  in  girth,  dark 
<*ol()red,  well  sili(;ilje(l,  of  medium  hardness  and  six'cilic  gravity, 
unbranched,  summit  not  depressed,  terminal  bud  projecting  from  ai)ex; 
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leaf  bases  ascending,  even  the  lowest  ones,  scars  arranged  in  two  series 
of  spiral  rows,  those  from  left  to  right  making  an  angle  of  80°  and 
those  from  right  to  left  of  50°  with  the  axis,  very  small,  subrhombic, 
averaging  10  mm.  wide  by  6  mm.  high,  smaller  near  the  summit,  empty 
to  considerable  depth-  ramentaceous  interstices  1  to  3  mm.  thick,  firm 
in  texture,  usually  consisting  of  three  layers,  which  may  be  regarded 
as  a  lining  to  each  of  the  adjacent  scars,  with  a  thicker  membrane 
between;  reproductive  organs  few,  poorly  defined,  slightly  projecting, 
with  irregular  markings  on  their  outer  surfaces,  probably  for  the  most 
part  immature  or  abortive;  armor  3  to  5  cm.  thick;  axis  8  cm.  in  diam- 
eter, somewhat  clearly  marked  off  from  the  armor  but  without  clear 
boundaries  between  the  cortical  parenchyma  and  fibrous  zone  or 
between  the  latter  and  the  medulla,  so  far  as  the  single  known  sx^eci- 
men  shows  without  cutting. 

This  species  differs  from  all  others  in  a  number  of  characters  besides 
its  small  size. 

The  only  specimen  is  No.  84  of  the  Yale  collection,  a  small,  almost 
perfect  trunk,  weighing  only  2.95  kilograms.  At  first  glance  it  recalled 
the  C.  pygmcm  of  England,  from  the  Lias  of  Lyme  Kegis,  figured  by 
Lindley  and  Hutton  in  the  Fossil  Flora  of  Great  Britain,  Vol.  II, 
pi.  cxliii,  but  on  confronting  the  specimen  with  that  figure  the  differ- 
ences are  obvious.  Except  for  its  small  size  it  might  be  compared  to 
C.  marylandica,  from  the  iron-ore  clays  of  Maryland,  and  of  all  the 
specimens  of  that  species  it  most  re.sembles  the  fragment  which  Pro- 
fessor Fontaine  designated  as  No.  2,^  and  which  I  have  described  as 
Johns  Hopkins  Cycads,  No.  3.^  That  specimen,  however,  has  a  large 
secondary  axis,  which,  with  better  material,  might  take  it  out  of  that 
species. 

Of  all  the  forms  from  the  Black  Hills,  it  most  resembles  in  the  char- 
acter of  the  scars,  etc.,  some  of  the  smaller  branches  of  C,  Marshiana,  in 
which  these  are  considerably  reduced  in  size.  I  have  therefore  had  a 
faint  suspicion,  which  I  would  not  leave  the  subject  without  expressing, 
that  it  might  be  one  of  these  secondary  axes  or  knots,  as  it  were, 
wrenched  from  the  larger  trunk  and  found  in  an  isolated  position. 
With  this  thought  in  my  mind  I  have  examined  a  great  many  such 
cases,  but  I  can  find  none  in  which  the  fracture  at  the  point  of  separa- 
tion at  all  resembled  the  base  of  this  specimen,  they  all  showing  the 
break  to  have  been  due  to  some  extraneous  cause,  whereas  the  base  of 
this  specimen  is  perfectly  natural,  not  torn  nor  cracked,  and  shows  the 
medulla  at  the  center.  Nevertheless,  there  is  something  a  little  anoma- 
lous in  the  way  the  armor  surrounds  the  axis. 

The  specimen  is  nearly  uniform  on  all  sides,  as  shown  by  the  two 
figures  of  PI.  CLYI,  which  afibrd  side  views  of  two  of  the  sides. 
PI.  CLYII  is  a  view  of  the  base,  which  shows  no  depression,  but  simply 


'  Potomac  or  Younger  "Nlesozoic  Flora.  Monogr.  U.  S.  Geo].  Surv.,  Vol.  XY,  1890,  p.  192. 
2  Proc.  Biol.  Soc.  Washington,  Vol.  XI,  March  13, 1897,  p.  11. 
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a  couvex  surface  with  the  medulla  near  the  center,  and  elongated  leaf 
scars  ascending  in  all  directions  from  it. 

The  above  arrangement  of  the  species  of  Cycadeoidea  from  the  Black 
Hills  is  not  wholly  without  method.  It  is  true  that  there  is  no  lineal 
arrangement  that  can  be  regarded  as  satisfactory,  and  yet  there  are 
decided  affinities  among  the  species.  These  affinities,  however,  are 
shown  in  particular  characters,  and  the  same  species  may  have  some 
characters  almost  in  common  with  two  or  more  other  species  that  are 
otherwise  very  dift'ereut.  This  is  specially  the  case  Avith  branching 
species  in  which  other  characters  resemble  those  of  uubranched  species. 
For  example,  C.  turrita,  except  in  its  branching  habit,  is  closely  allied 
to  C.  McBridei^  which  never  branches;  C.  Marshiana,  but  for  its  branch- 
ing, would  be  nearly  related  to  C.  colossalis;  and  C.  Wellsii  may  be 
almost  regarded  as  an  unbranched  form  of  C.  minnekahtemis. 

In  view  of  these  and  many  other  more  subtle  peculiarities,  I  have 
sought,  since  the  arrangement  must  be  lineal,  to  compromise  in  such  a 
manner  as  to  bring  those  species  most  akin  as  near  together  as  possible, 
but  it  is  clear  that  any  arrangement  would  widely  separate  species  tliat 
are  similar  in  one  respect  or  another. 

C.  dacotensis  and  C.  colossalis  are  obviously  very  closely  allied  sj)ecies. 
C.  Wellsii  can  scarcely  be  said  to  form  a  transition  from  C.  colossalis  to 
C.  mimielcahtensis,  but  it  resembles  the  former  at  least  in  the  one  fact  of 
being  simple.  C,  pulcherrima  is  somewhat  close  to  C.  minneTxahtensis. 
C.  cicatricula  can  not  be  said  to  form  a  transition  from  C,  imlclierrima  to 
C.  turrita,  but  it  has  considerable  affinity  to  the  former.  C.  turrita  is 
related  to  C.  minnelcalitensis  and  (7.  piUcherrima^  and  from  it  to  C. 
3lcBrideij  as  already  remarked,  the  distance  would  be  very  small  but 
for  the  branching  habit  of  the  former. 

Between  C.  McBridei  and  C.  Marshiana,  however,  there  is  scarcely 
any  bond,  and  it  might  have  been  as  well  to  place  the  latter  immedi 
ately  after  C.  colossalis.  We  virtually  begin  a  new  series  here  and  pass 
naturally  through  C.  furcata  to  C.  Colei  and  C.  Paynei,  C.  Wickmdi 
has  so  much  affinity  to  C.  Faynel  that  it  was  first  placed  in  that  species. 
C.  aspera  also  closely  resembles  0.  Faynei  in  external  aspect,  but  the 
two  anomalous  characters  noted  clearly  distinguish  it  from  all  others. 
It  fits  in  here,  however,  and  C.  insolita  and  C.  occidentalis  belong  to  this 
same  general  group. 

C.  Jcnney((na,  (J.  ingens^  C. /orniosa,  C.  Stilhvelli^  and  (J.  excelsa  may 
also  be  said  to  form  a  gronp.  The  first  and  the  last  two  constitute  the 
only  cylindrical  forms  known  in  America.  The  shape  of  the  scars  in 
C.  inyens^  C.  J'ortnosa^  and  (\  StiUwclli  unite  these  three  from  that 
imi)()rtant  point  of  view,  while  those  of  C,  Jeiincyantt  and  C  inyens 
tend  to  ai)j)r()ach  each  other.  (J.  cxcelsa  has  little  in  common  with  any 
other  spe(;ies,  and  (\  naiut  almost  nothing.  These  two  are  therefore 
properly  made  to  close  the  series. 
1!>  C.KOL.  I'T  1'  tl 


f)42  CRETACEOUS  FORMATION  OF  THE  BLACK  HILLS. 


2.  THE  FOSSIL  FORESTS. 

Ill  the  historical  introduction  to  this  paper  (p.  529),  and  again  in 
the  chapter  on  the  Minnekalita  region  (p.  552),  the  remarkable  fossil 
forests  of  that  section  of  the  Black  Hills  were  unavoidably  discussed. 
In  the  chapter  on  the  Blackhawk  region  (p.  5G2)  the  occurrence  of 
silicified  wood  in  great  abundance  was  noted.  Professor  Jenney,  in 
his  very  full  treatment  of  the  Hay  Creek  region,  lays  proper  stress  on 
the  great  quantities  of  fossil  wood  at  many  of  the  localities  and  hori- 
zons where  he  worked.  It  is  much  to  be  regretted  that  this  important 
department  of  the  present  section  on  the  Flora  of  the  Black  Hills  could 
not  have  received  full  treatment.  This  deficiency  is  not  due  to  any 
lack  of  material  for  such  a  treatment,  but  almost  wholly  to  the  special 
difficulties  attending  the  elaboration  of  this  class  of  material.  A  good 
collection  was  made  from  the  original  forest,  some  of  the  specimens 
being  broken  from  the  great  fossil  log  described,  others  picked  up 
among  the  branches.  A  short  distance  northwest  of  this  spot  wood 
was  also  very  abundant,  and  many  specimens  were  taken.  This  wood 
usually  has  the  outward  appearance  of  showing  the  internal  structure 
well,  and  two  of  the  most  promising  specimens  were  cut  and  micro- 
scopic slides  mounted  for  determination;  but  when  these  were  examined 
by  Dr.  F.  H.  Knowlton  with  the  compound  microscope  they  were  found 
to  be  too  obscure  to  show  any  characters.  It  is  evident  that  a  large 
number  of  specimens  will  have  to  be  examined  before  one  is  found 
that  will  yield  the  desired  results.  This  there  has  not  been  time  to  do, 
and  Dr.  Knowlton  has  been  too  much  occupied  with  other  pressing 
work  to  undertake  such  a  systematic  study  of  this  material  as  will  be 
necessary  to  test  its  value. 

A  fine  collection  of  silicified  wood  was  made  from  the  Blackhawk 
region,  partly  from  the  particular  spot  where  Mr.  Getchell  told  us  the 
cycad  trunks  lay  and  partly  from  the  general  vicinity,  particularly  from 
a  locality  half  a  mile  east  of  the  ranch  house.  As  showing  how  decep- 
tive a  microscopic  examination  of  such  material  often  is,  I  may  add 
that  by  far  the  finest  looking  specimen  found  in  this  region,  in  which 
the  grains  of  the  wood  are  seen  with  great  distinctness,  was  cut  in  all 
necessary  directions  and  slides  were  made  from  it,  in  full  confidence  that 
they  would  clearly  indicate  the  nature  of  the  timber  of  that  region  in 
Lower  Cretaceous  time,  but  to  our  great  disappointment  no  detailed 
structure  was  revealed. 

Professor  Jenney  collected  a  considerable  amount  of  fossil  wood  at  a 
number  of  horizons  in  the  Hay  Creek  region,  but  none  of  it  looked 
promising,  and  after  so  many  failures  with  much  better  appearing 
material  it  was  not  thought  worth  while  to  attempt  its  study,  although 
it  is  quite  possible  that  some  of  it  may  prove  much  better  than  it  looks. 

While  our  party  were  gathering  up  the  fragments  of  cycads  on  the 
slope  where  so  many  fine  trunks  were  found,  a  peculiar  block  attracted 
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the  attention  of  Mrs.  Jenney,  who  brouoiit  it  to  my  notice.  I  first 
thouglit  it  niiglit  be  the  internal  portion  of  a  cycadean  trunk,  but  upon 
examination  I  was  convinced  that  it  was  a  piece  of  silicified.  wood.  It 
was  thrown  into  the  wagon  with  the  rest  and  shipped  to  Washington. 
'So  other  fossil  wood  was  seen  by  me  at  the  cycad  locality.  Coming  as 
it  did  from  the  very  same  spot  as  the  cycads,  its  importance  was  greatly 
increased,  and  at  my  request  Dr.  Knowlton  took  it  up,  marked  it  for 
sectioning,  and  had  some  slides  made.  To  our  great  delight  it  was 
found  to  be  in  an  admirable  state  of  preservation  and  perfectly  deter- 
minable. It  belongs  to  the  genus  Araucarioxylon — i.  e.,  it  is  the  ancient 
representative  of  the  Araucarian  pines  of  the  Southern  Hemisphere, 
which  have  long  since  disappeared  from  all  our  Western  forests. 

Dr.  Knowlton  furnished  me  a  brief  report  upon  this  species  for  my 
early  paper,  and,  although  he  has  now  described  and  figured  it  thor- 
oughly, it  will  be  of  interest  to  reproduce  his  original  and  less  technical 
account  of  it  as  follows: 

The  structure  of  this  wood  is  very  finely  preserved,  and  a  glance  suffices  to  show 
that  it  possesses  the  Araucarian  type  and  represents,  with  little  question,  an  unde- 
scribed  species  of  the  genus  Araucarioxylon.  The  wood  cells  are  provided  with  two 
rows  of  alternating  hexagonal  pores  ou  the  radial  walls,  which  nearly  or,  in  some 
cases,  quite  cover  the  walls.  The  medullary  rays  are  composed  of  a  single  layer  of 
thin,  short,  cells,  each  of  which  is  cov^ered  on  the  radial  side  with  numerous  fine 
dots  or  punctations.  The  rays  are  from  1  to  about  20  cells  high,  the  average  number 
being  perhaps  8  or  10.  A  large  number  are  composed  of  only  1  or  2  cells.  The 
annual  rings  are  rather  indistinct,  yet  can  be  made  out. 

As  far  as  I  now  know,  only  two  species  of  Araucarioxylon  have  been  described 
from  the  United  States,  A.  arizonicum  Kn.,  from  the  Triassic  or  Lower  Jurassic  of 
New  Mexico  and  Arizona,  and  A.  virginianum  Kn.,  supposed  at  first  to  belong  to  the 
Potomac  formation,  but  now  known  to  be  from  the  Trias  of  Virginia.  These  si)ecies 
differ  markedly  from  the  one  under  discussion.  With  the  A.  arizonicum  it  has  almost  no 
points  in  common,  while  it  differs  from  the  A.  virginianum  in  important  particulars. 

To  this  I  added  the  following  comment: 

The  only  sections  of  the  fossil  wood  that  have  yet  been  made  were  cut  from  a  speci- 
men taken  from  the  cycad  bed  proper,  and  not  from  the  principal  fossil  forest,  but  it 
often  ha]ipensthat  only  one  species  can  be  found  in  such  a  forest.  It  is  therefore  prob- 
able that  the  same  structure  would  be  shown  by  the  other  specimens.  I  confess  to  a 
little  surprise  at  finding  that  this  structure  represents  the  Araucarian  rather  than 
the  Sequoian  type  of  conifers,  since,  in  the  East  at  least,  these  two  types  character- 
ize the  Trias  and  Potomac,  respectively,  no  Araucarian  specimens  having  been  found 
in  the  Potomac  and  no  Sequoian  specimens  in  the  Trias.  And  generally  the  Aiau- 
carian  tyjie  is  more  ancient.  This  evidence  therefore  points  to  a  lower  instead  of  a 
higher  liori/.on.' 


<  Jour.  Geol.,  Vol.  II,  No.  3,  April-May,  1894,  pp.  260-261. 
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The  following  is  Dr.  Knowlton's  revised  description  of  the  species : 

SUBKINGDOM  SPERMATOPHYTA  (Phanerogams). 

Suibdivision  OYA/ENOSPERMJ^. 

Class  CONIFERS. 

Family     PINACE^     (  AR.  AUC  ARI ACE^  ) 

Engler. 

Genus  ARAUCAEIOXYLON  Kraus  (1870). 
Araucarioxylon  hopperton^  Knowlton  n.  sp. 

Pis.  CLVIEI,  CLIX. 

1894.    Araucarioxylon  sp.  Ku.  in  Ward:  The  Cretaceous  rim  of  the  Black  Hills; 
Jour.  Geol.,  Vol.  II,  pp.  260-261. 

Diagnosis. — Annual  rings  very  distinct,  or  4  to  8  rows  of  very  thick- 
walled  fall  wood;  spring  wood  of  large  but  thick-walled  cells;  medul- 
lary rays  in  a  single  series  of  from  3  to  12  or  15  cells;  these  short, 
covering  the  width  of  some  4  to  6  or  8  wood  cells,  provided  with  a  single 
series  of  small  punctations;  wood  cells  Avith  1  or  2  rows  of  hexagonal 
or  rarely  nearly  round  punctations. 

Discussion, — Transverse  section :  This  section  shows  the  annual  rings 
to  have  been  very  plainly  maiked.  The  spring  wood  is  made  up  of 
very  large  although  thick-walled  cells,  which  begin  very  abruptly  at  the 
fall  wood.  The  cells  gradually  decrease  in  size  until  the  last  5  or  8 
rows  of  cells  are  very  thick. 

Tangential  section :  The  medullary  rays  as  seen  in  this  section  are 
quite  numerous,  in  a  single  series  of  from  3  to  sometimes  as  many  as  15 
superimposed  cells.  The  wood  cells  as  seen  in  this  section  do  not  seem 
to  have  been  provided  with  i)unctations  or  other  markings  (PL  GLIX, 
Fig.  3). 

Eadial  section :  As  the  material  has  been  very  finely  preserved,  this 
section  shows  remarkably  well.  The  wide  cells  of  the  spring  wood  are 
provided  with  usually  2  longitudinal  rows  of  hexagonal  pores,  which 
quite  cover  the  walls  (PL  GLYIII,  Fig.  1).  Occasionally  in  cells  of 
unusual  width  the  pores  while  in  2  series  are  only  slightly  compressed 
(PL  GLIX,  Fig.  4).  Usually  when  but  1  row  is  present  they  are 
hexagonal  and  occupy  the  center  of  the  cell  (PL  GLYIII,  Fig.  2). 

The  inner  pores  in  these  punctations  are  relatively  small  and  slightly 
elongated  in  a  direction  at  right  angles  to  the  cells. 

The  medullary  rays  as  seen  in  this  section  (PL  GLYIII,  Fig.  4)  are 
short,  covering  the  width  usually  of  4  or  5  wood  cells,  although  occa- 
sionally^ longer  and  covering  as  many  as  8  cells.  They  are  provided 
with  a  single  row  of  small  bordered  pores  so  arranged  that  one  comes 
over  each  wood  cell,  or  occasionally  there  may  be  two  over  a  wood  cell 
(PL  GLIX,  Fig.  1).    The  inner  pore  is  minute. 

This  is  the  third  species  of  Araucarioxylon  thus  far  described  from 
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the  United  States,  autl  it  is  quite  unlike  either  of  the  others.  From 
^-L.  arizonicnm  Kn.,^  a  species  found  in  the  Triassic  or  Lower  Jurassic, 
it  differs  in  having  a  clearly  marked  annual  ring,  usually  hexagonal 
pores  and  no  markings  in  the  tangential  walls  of  the  wood  cells.  From 

A.  virginianum  Kn.,-a  species  of  the  Trias  of  Virginia,  it  differs  in  tlie 
annual  rings,  in  the  less  number  of  medullary  ray  cells,  and  in  having 
the  cells  of  the  ray  short  punctate. 

At  Professor  Ward's  suggestion  I  take  pleasure  in  naming  this  very 
distinct  species  in  honor  of  Mrs.  Jenney,  who  discovered  this  block  of 
wood  among  the  fragments  of  cycadean  trunks. 

Localiti/. — Cycad  bed  2  miles  southwest  of  Minnekahta  Station,  South 
Dakota.  Collected  by  Mrs  Mary  Hopperton  Jenney,  September  7, 1892. 

3.  LOWER  CRETACEOUS  FLORA  OF  THE  BLACK  HILLS,  OTHER 
THAN  CYCADEAN  TRUNKS  AND  SILICIFIED  WOOD. 

As  already  shown,  the  principal  contribution  to  the  Lower  Cretaceous 
tiora  of  the  Black  Hills  was  made  by  Prof.  Walter  P.  Jenney  in  1895 
from  the  Hay  Creek  coal  field  of  Crook  County,  Wyoming.  The  pres- 
ent chapter  therefore  consists  chiefly  of  Professor  Fontaine's  report 
upon  this  collection.  The  only  other  forms  included  in  it  are  the  few 
that  were  collected  by  Professor  Jenney  and  myself  on  the  western 
slope  of  lied  Canyon,  about  3  miles  southwest  of  Minnekahta  station, 
half  a  mile  southwest  of  Matties  Peak,  and  immediately  over  the  ridge 
to  the  west  of  the  principal  fossil  forest.  These  were  also  determined 
by  Professor  Fontaine  and  reported  upon  in  a  letter  dated  January  10, 
1894,  which  report  was  embodied  almost  entire  in  my  paper  on  the  Creta- 
ceous Eim  of  the  Black  Hills. '  His  remarks  on  the  species  will  be  intro- 
duced in  their  systematic  place. 

Professor  Fontaine's  report  on  the  Jenney  collection  from  the  Hay 
Creek  coal  field  is  as  follows:^ 

NOTES    ON    LOWER    CRETACEOUS    PLANTS   FROM    THE    HAY  CREEK 
COAL  FIELD,  CROOK  COUNTY,  WYOMING. 

By  Wm.  M.  Fontaine. 

In  the  summer  of  1894,  Prof.  W.  P.  Jenney  collected  a  considerable 
number  of  I'ossil  plants  in  Wyoming,  and  sent  them  to  Mr.  Lester  F. 
Ward,  who  referred  them  to  me  for  examination. 

»  Proc.  U.  S.  Nat.  Mus.,  Vol.  XI,  p.  4,  pi.  i. 

2  i?nll.  U.  S.  Geol.  Surv.  No.  56,  p.  50,  pi.  vii,  figs.  2-5. 

3  Journal  of  (ieolofry,  Vol.  II,  Xo.:{,  Cliica<ro,  April-May,  1894,  pp.  259-260. 

*  The  only  inddifications  that  it  lias  been  l<tun<l  necessary  to  make  in  this  rei)ort  relate  to  the  purely 

B. VHtematic  i)art.  Mr.  Seward  iu  his  Wealden  Flora  has  made  a  careful  revision  of  the  i)riiicipal 
Wealdeu  genera  and  has  changed  nuuiy  of  the  names,  substituting  modern  ones  for  Die  oliler  ('arlion- 
iferous  genera  to  which  the  sjiecies  had  been  improperly  referred.  In  most  such  cases  I  have  adopted 
his  suggestions,  but  have  introduced  full  synonymy,  so  that  no  i)OssibIe  confusion  can  arise. 

Professor  F«)ntaine  simply  described  thesiiecies  and  arranged  them  in  a  gen<!ral  way  under  the  heads 
K<iuiseta,  Kerns,  Cycads,  (Jenifers,  etc.  I  liav«!  changed  his  arrangement  veiy  little,  and  only  to  make 
it  conform  as  nearly  as  jjossible  t(»  the  system  of  Kngler  and  rranfl.  The  higher  subdivisions  have 
been  supplied  liy  me.    I  am  also  responsilili-  fi»r  all  tlie  footnoti-s.  —  i,   K.  w. 
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Professor  Jenney  in  the  same  summer  wrote  a  number  of  letters  to 
Mr.  Ward^  giving  the  localities  and  horizons  of  the  fossils,  along  with 
other  points  necessary  to  throw  light  on  their  occurrence.  In  order  to 
give  an  intelligible  account  of  these  fossils  it  will  be  necessary  for  me 
to  quote  from  these  letters.  As  Professor  Jenney  states  that  his  sub- 
divisions of  the  formation  containing  the  fossils  are  subject  to  change 
if  called  for  by  further  field  study,  this  qualification  must  be  borne  in 
mind. 

Professor  Jenney  made  his  collections  of  plant  fossils  in  the  Hay 
Creek  coal  field  of  Crook  County,  Wyoming,  a  region  located  40  miles 
northwest  of  Deadwood,  South  Dakota.  A  number  of  his  localities  are 
found  on  Pine  Creek  and  Oak  Creek.  In  oue  of  his  letters  he  says  regard- 
ing these  creeks:  "Pine  Creek  and  Oak  Creek  are  two  small  streams 
entering  the  Belle  Fourche,  draining  the  area  bet  ween  that  river  and 
Hay  Creek,  and  are  part  of  the  Hay  Creek  coal  field  of  which  Barrett 
post-office  is  the  center."  This  statement,  with  the  data  given  for  each 
locality  where  plants  were  collected,  will  fix  their  i)osition  with  sufficient 
accuracy.  Before  the  examination  made  by  Professor  Jenney  of  this 
region,  Newton's  Dakota  group  was  supposed  to  extend  down  to  and 
rest  upon  the  Jurassic.  Professor  Jenney,  as  the  result  of  his  field 
work,  and  influenced  by  geological  data  alone,  was  led  to  subdivide  the 
Dakota  of  Newton  into  several  horizons.    These  will  be  given  later. 

Mr.  Ward,  on  examining  the  plants,  recognized  their  striking  resem- 
blance to  Lower  Potomac  and  Kootaiiie  plants.  As  I  had  studied  the 
former,  he  sent  Professor  Jenney's  plants  to  me  for  determination.  Pro- 
fessor Jenney,  on  stratigraphical  and  lithological  grounds,  was  led  to 
make  the  following  provisional  subdivisions  of  the  Dakota  group  of 
Newton,  as  exhibited  in  the  Hay  Creek  region  of  Wyoming.  I  quote 
from  his  letter  to  Mr.  Ward : 

THE  DAKOTA  GROUP  OF  NEWTON. 

Upper  surface  probably  somewhat  eroded,  overlain  by  Fort  Benton  shales. 

Eeet. 

1.  The  Dakota  sandstone,  with  characteristic  plant  remains,  the  base  a  massive 

sandstone  of  variable  character  with  respect  to  hardness,  per  cent  of  iron, 
etc   100 

2.  Clay  shales,  sandstone  shales,  and  soft  sandstones,  with,  locally,  beds  of  car- 

bonaceous shale  and  plant  remains.    Plants  of  modern  type.    *         *  At 
base  of  this  member  a  massive  cross-bedded  sandstone  50  feet  in  thickness.  150 
Contact  stratum,  a  breccia  of  clay  and  sandstone,  marking  unconformity. 

3.  Massive  sandstone,  40  feet,  underlain  by  drab  clay  shales  and  carbonaceous 

shales  with  plant  remains  (ferns,  etc.)   100 

4.  Soft  sandstones,  clay  shales,  and  clays,  with  one  workable  seam  (3  to  5  feet 

thick)  and  several  smaller  local  seams  of  coal.    Plant  remains,  peculiar 
forms  of  cycad  life,  etc   100 

5.  Ash- colored  clays  with  calcareous  nodules,  no  fossils  observed;  near  top,  at 

contact  with  No.  4,  occur,  locally,  fossil  bones   50 

(This  member  may  be  Jurassic.) 

6.  Jurassic  clays  and  shell  limestone,  with  marine  fossils,  Belemnites,  Ostrea, 

Exogyra,  etc. 
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Professor  Jenuey,  in  another  letter,  states  that  his  later  iuvestiga- 
tions  led  him  to  eoncliide  that  Ko.  5  of  the  preceding  section  is  com- 
posed of  Jurassic  shallow- water  deposits,  and  that  they  are  not  Lower 
Cretaceous.  He  says  the  beds  carry  often  large  trunks  and  limbs  of 
fossil  wood,  and,  in  the  layers  of  impure  limestone,  a  few  small  Vmmon- 
ites,  but  near  the  top  of  No.  5,  just  below  the  contact  with  the  base  of 
No.  4  Cretaceous,  occurs  a  bone-bearing  bed  with  large  elongated  ver- 
tebn^  and  fragments  of  leg  and  thigh  bones,  all  in  a  poor  state  of 
preservation. 

He  goes  on  to  say  that  there  are  evidences  that  the  land  was  rising 
at  the  close  of  the  Jurassic,  that  some  of  the  beds  of  No.  5  may  be  of 
brackish-  or  fresh- water  origin,  and  before  the  deposition  of  the  lowest 
beds  of  the  coal  series  (those  of  division  No.  4)  the  land  was  above 
water  and  had  suffered  quite  an  extensive  denudation.  The  evidence 
also  indicates  that  the  workable  and  lowest  beds  of  coal  were  deposited 
in  basins,  channels,  or  valleys  in  the  eroded  Jurassic. 

Professor  Jenney  states  that  he  found  in  the  Dakota  group  of  New- 
ton evidences  of  unconformity  between  No.  1  and  No.  2,  and  between 
No.  2  and  No.  3,  but  was  unable  to  find  any  between  No.  3  and  No.  4, 
while  there  is  great  unconformity  between  No.  4  and  the  Jurassic. 

These  extracts  from  Professor  Jenney's  letters  show  that,  from  strati- 
graphical  evidence,  the  Dakota  group  of  Newton,  which  has  hitherto 
been  supposed  to  contain  no  strata  older  than  the  typical  Dakota  with 
dicotyledons,  and  to  extend  as  a  unit  down  to  the  Jurassic,  is  really 
divided  by  two  marked  unconformities  into  at  least  three  members. 
The  strata  of  division  No.  1  contain  the  dicotyledons  of  the  typical 
Dakota,  while  those  of  No.  2  and  the  lower  divisions  do  not  show 
these,  but  a  quite  different  flora,  whose  age  will  be  discussed  in  this 
paper. 

If  Professor  Jenney  is  right,  as  he  no  doubt  is,  in  his  conclusion  that 
the  land  rose  after  the  Jurassic  submersion,  and  then,  after  an  interval, 
vegetation  established  itself  on  it  finally  in  amounts  sufficient  to  form 
coal  beds,  it  follows  that  even  the  oldest  of  the  plants  described  in  this 
paper  are  decidedly  younger  than  Jurassic.  Here  we  have  a  flora  that 
established  itself  after  the  retreat  of  the  Jurassic  sea.  But  in  the  case 
of  j)lants  in  the  Trinity  group  of  Texas,  as  Professor  Hill  shows,  we 
have  a  different  condition  of  things,  for  the  sea  advanced  upon  the 
land,  finding  an  established  flora,  whose  remains  it  swept  away  and 
preserved  in  the  beds  then  formed.  The  same  is  true  of  the  Lower 
I*otomac  fossil  plants  of  Virginia.  In  the  case  of  these  two  groups  of 
fossil  plants,  the  geological  conditions  do  not  indicate  positively  tliat 
they  are  younger  than  Jurassic,  for  we  may  have  the  remains  of  a 
Jurassic  flora  preserved  in  the  lowest  beds  of  the  Lower  Cretaceous. 
Professor  Jenney's  dis(;overy  of  fossil  i)lants  is  esi)ecially  fortunate  in 
the  fact  that,  according  to  the  sti  ati«irapliy,  they  are  clearly  and  dis- 
tinctly yonnger  than  the  Jurassic,  for  they  are  found  in  strata  that 
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rest  upon  Jurassic  beds,  aud  iii  addition  au  erosion  interval  separates 
the  two.  When  we  take  into  consideration  the  want  of  conformity  of 
the  Jurassic  and  these  Lower  Cretaceous  beds,  as  well  as  the  lapse  of 
time  required  for  a  flora  to  establish  itself  on  the  land  newly  emerged 
from  the  Jurassic  sea,  it  is  surprising  to  find  so  many  Jurassic  types 
surviving  in  this  lower  division  of  the  Lower  Cretaceous. 

As  Professor  Jenney  collected  his  plants  from  several  horizons,  and 
at  different  localities,  it  will  be  necessary,  before  passing  to  the  descrij)- 
tion  of  the  species,  to  give  some  account  of  the  geological  horizon  of 
the  different  localities  from  which  the  plants  were  obtained.  The  fol- 
lowing statements  give  the  localities  from  which  plant  fossils  were 
obtained,  with  their  position  in  the  Lower  Cretaceous  grouj),  as  given 
by  Professor  Jenney  on  labels  accompanying  each  package  of  fossils. 
It  will  be  noted  that  he  fixes  their  geological  position  by  referring  the 
horizon  in  some  cases  to  the  Jurassic  below,  and  in  others  to  the  typical 
Dakota  sandstone  above,  with  dicotyledons  as  the  predominant  plants. 
This  latter  will  be  mentioned  simply  as  the  Dakota  sandstone. 

Professor  Jenney  determines  the  following  localities  as  lying  60  feet 
below  the  base  of  the  Dakota  sandstone: 

1.  Bed  of  carbonaceous  shales  in  a  cliff'  in  the  east  bank  of  Oak 
Creek,  2  miles  below  Bobbin's  ranch,  Crook  County,  Wyoming.  This 
horizon  is  in  his  division  No.  2  of  Newton's  Dakota  group,  which  is  the 
uppermost  of  the  divisions  made  by  Professor  Jenney  of  the  strata 
underlying  the  typical  Dakota.  This  horizon  is  the  highest  in  division 
2  which  has  yielded  fossil  plants.  In  the  description  of  the  species  it 
will  be  referred  to  as  Cliff'  in  east  bank  of  Oak  Creek. 

2.  Cliff's  along  the  north  side  of  Red  Water  Valley,  about  4  miles 
south  of  Larrabee's  coal  mine.  These  localities  will  be  designated  Cliff' 
along  the  north  side  of  Red  Water  Valley. 

3.  The  next  lower  horizon  at  which  plant  fossils  were  found  is  located 
by  Professor  Jenney  at  100  feet  below  the  base  of  the  Dakota  sand- 
stone. On  this  horizon,  and  still  in  division  No.  2,  jdants  were  found 
at  a  cliff'  on  north  side  of  Pine  Creek,  2  miles  above  (west  of)  Mrs.  Dor- 
sett's  ranch.  This  will  be  referred  to  as  Cliff*  on  north  side  of  Pine 
Creek. 

4.  Cliff"  on  the  south  side  of  Pine  Creek,  2 J  miles  above  (west  of)  Mrs. 
Dorsett's  ranch.  This  will  be  referred  to  as  Cliff'  on  the  south  side  of 
Pine  Creek. 

5.  Bed  of  carbonaceous  shales  in  Rollin's  tunnel,  IJ  miles  southeast 
of  Bobbin's  ranch,  on  Oak  Creek.  This  will  be  referred  to  as  Carbona- 
ceous shales  in  Rollin's  tunnel. 

0.  Cliff'  on  Oak  Creek  at  Robbin's  ranch,  6  miles  northeast  of  Barrett, 
Wyoming.  This  will  be  designated  as  Cliff'  on  Oak  Creek,  at  Robbin's 
ranch. 

The  following  localities,  lying  in  Professor  Jenney's  third  division  of 
Newton's  Dakota,  were  located  by  him  about  150  feet  above  the  top  of 
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the  Jurassic,  aud  about  170  feet  below  the  base  of  the  typical  Dakota, 
or  his  division  Xo.  1 : 

1.  Bed  of  shales  in  clitt'  on  the  north  side  of  the  valley  of  the  South 
Fork  of  Hay  Creek,  2J  miles  west  of  Barrett  post-office,  Crook  County, 
Wyoming.  This  locality  will  be  designated  as  Olift*  on  the  north  side 
of  the  valley  of  the  South  Fork  of  Hay  Creek. 

2.  Bed  of  shales  under  the  third  sandstone,  Barrett,  Wyoming.  This 
locality  was  not  giv^en  so  precisely  as  some  of  the  others,  and  it  will  be 
referred  to  as  Shales  under  the  third  sandstone,  Barrett. 

3.  From  John  Barr's  tunnel,  1  mile  north  of  Forks  of  Hay  Creek 
post-office.  Crook  County,  Wyoming.  This  will  be  designated  as  John 
Barr's  tunnel. 

4.  Locality  not  given.  The  package  of  fossils  was  marked  simply  as 
coming  from  the  third  division  of  Newton's  Dakota  group,  150  feet 
above  the  tox3  of  the  Jurassic.  The  locality  is  probably  the  same  as 
No.  2  of  this  list,  and  it  will  be  referred  to  as  Locality  unknown.  Hori- 
zon 150  feet  above  the  Jurassic. 

The  next  horizons  in  descending,  at  which  fossils  were  found,  accord- 
ing to  Professor  Jenney,  occur  in  his  division  No.  4,  of  Newton's  Dakota 
group,  and  they  arc  probably  essentially  the  same,  but  from  the  dis- 
tances given  by  Professor  Jenney  for  them  above  the  Jurassic,  there  is 
some  variation  in  their  height  above  that  formation.  This  variation, 
however,  is  not  greater  than  might  be  expected  from  varying  thickness 
in  the  beds  underlying  them,  which  are  superposed  immediately  on  the 
Jurassic.  I  give  the  localities  and  the  distances  determined  by  Pro- 
fessor Jenney  at  each,  from  the  plant-bearing  bed  down  to  the  Jurassic: 

1.  Shale  over  the  lowest  coal  bed,  Larrabee's  shaft,  Barrett,  Crook 
County,  Wyoming.  This  stands  from  50  to  75  feet  above  the  to\)  of  the 
Jurassic,  and  the  locality  will  be  referred  to  as  Shale  over  the  lowest 
coal,  Larrabee's  shaft. 

2.  Bed  of  shales  over  coal,  T.  54,  R.  61,  sec.  36,  2  miles  southeast  of 
Barrett,  Crook  County,  Wyoming,  about  30  to  50  feet  above  the  tO[> 
of  the  Jurassic.  This  will  be  referred  to  as  Shales  over  coal,  2  miles 
southeast  of  Barrett. 

3.  Bed  of  highly  carbonaceous  shale  50  feet  above  the  top  of  the 
Jurassic,  Webster's  ranch,  4  miles  northeast  of  l^eulah.  Crook  County, 
Wyoming.  This  will  be  referred  to  as  Carbonaceous  shale,  Webster's 
ranch. 

4.  The  lowest  horizon  in  No.  4  that  i)romised  fossil  ])lants  is  a  bed  of 
shales  at  the  contact  of  the  Cretaceous  with  the  Jurassic,  at  Lon  Cot- 
tle's ranch,  1  mile  southwest  of  Barrett,  Crook  County,  Wyoming. 
This  bed  of  shales  is  the  lowest  bed  in  division  4.  The  locality  will  be 
referred  to  as  I)e(l  of  shales,  Lon  (V)ttle's  ranch. 
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DESCKIPTIO^^^S  OF  THE  SPECIES. 
Subkingdom  PTERIDOPHYTA  (Ferns  and  fern  allies). 
Class  EQUISETALES  Engler. 
Family  EIQUISEITACE:^  (Joint  rnslies). 
Genus  EQUISETUM  Linnaeus. 
Equisetum  virginicum  Fontaine. 

PI.  CLX,  Fig.  1. 

1889,    Equisetum  virginicum  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol.  XV, 
p.  63,  pi.  i,  figs.  1-6,  8;  pi.  ii,  figs.  1-3,  6,  7,  9. 

A  single  good  specimen  of  a  small  Equisetum  was  obtained  from  the 
horizon  100  feet  below  the  base  of  the  Dakota  sandstone,  and  another 
doubtful  one  from  the  horizon  150  feet  above  the  Jurassic.  It  belongs 
to  the  small  type  of  Equisetum,  with  many  branches  and  narrow  teeth, 
that  is  so  characteristic  of  the  Lower  Cretaceous,  and  which  contains 
the  species  of  Burehardti  from  the  Wealden  of  Germany,  and  E,  vir- 
ginicum from  the  Lower  Potomac  (Neocomian)  of  Virginia. 

The  plant  is  decorticated  and  does  not  show  plainly  the  nodes  and 
sheaths  in  any  place.  What  indications  may  be  seen  point  to  the 
possession  of  narrow  acute  teeth,  like  those  of  E,  virginicum.  The 
size  of  the  branches,  their  number,  and  the  general  facies  of  the  plant 
are  features  which  strongly  indicate  that  this  is  a  species  which  can 
not  be  separated  from  the  Virginia  i^lant. 

The  species  was  evidently  a  copiously  branching  one,  for  the  best 
specimen,  that  from  the  horizon  100  feet  below  the  Dakota  sandstone, 
shows  a  number  of  small  stems  diverging  as  if  from  insertion  on  a 
common  stem.    The  insertion,  however,  is  not  visible. 

The  plant  was  found  in  one  good  specimen,  that  figured,  in  the  cliff 
on  the  north  side  of  Pine  Creek  and  in  a  single  stem  of  doubtful  char- 
acter at  the  horizon  150  feet  above  the  Jurassic,  at  the  cliff'  on  the 
north  side  of  the  Valley  of  the  South  Fork  of  Hay  Creek. 
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Class  FILICALES  Engler/^ 

Genus  WEICHSELIA  Stiehler.^ 
VYeichselia  reticulata  (Stokes  &  Webb)  Ward  n.  comb. 

PI.  CLX,  Figs.  2  to  4. 

1824.  Pccopteris  reticulata  Stokes  and  Webb:  Trans.  Geol.  Soc.  London,  2d  ser.,  Vol. 

I,  p.  424,  pi.  xlvi,  tig.  5;  pi.  xlvii,  fig.  3. 
1828.  Lonchoptcris  Mantelli  Brongn. :  Prodrome,  p.  60,  199;  Histoire,  Vol.  I,  p.  369, 

pi.  cxxxi,  figs.  4,  5. 
1836.  PoUjimdites  Mantelli  (Brongn.)  Gopp. :  Syst.  Fil.  Foss.,  p.  341. 
1838.  Lonchopieris  Huttoni  Presl  in  Sternberg:  Flora  der  Vorwelt,  Vol,  II,  p.  166. 

1844.  Fecopteris  sp.  Auerbach :  Bull.  Soc.  Imp.  Nat.  de  Moscou,  Vol.  XVII,  Pt.  I,  p.  148, 

pi.  V,  figs.  10, 11. 

1845.  Polypodites  reiiculatus  (Stokes  and  Webb)  Ung. :  Synops.  PI.  Foss.,  p.  93. 

1845.  Pterophylliim  Murchisonianum  Goppert  in  Murchison's  G^ologie  de  la  Rnssie, 
Vol.  II,  Pt.  Ill,  Paldontologie,  p.  501,  pi.  G,  figs.  5,  6a  (non  fig.  3). 

1845.  Pierophyllum  jilicinum  Goppert  in  Murchison's  Gdologie  de  la  Rnssie,  Vol.  II, 

Pt.  Ill,  Paleontologie,  p.  501,  pi.  G,  figs.  4a,  4b. 

1846.  Peco/j^eris  J/wrc/asomana  (Gopp.)  Auerbach  and  Freers :  Bull.  Soc.  Imp.  Nat.de 

Moscou,  Vol.  XIX,  Pt.  I,  p.  495,  pi.  ix. 
1846.  Pecopteris  Auerhachiana  Rouillier:  Bull.  Soc.  Imp.  Nat.  de  Moscou,  Vol.  XIX, 
Pt.  II,  p.  412. 

1849.  Pecopteris  Auerhachiana  Rouillier :  Op.  cit..  Vol.  XXII,  p.  16,  pi.  J,  fig.  55. 
1852.  Alethopteris  recentior  Ett. :  Abh.  d.  k.  k.  geol.  Reichsanst.,  Vol.  I,  Abth.  HI, 
No.  2,  p.  16,  pi.  iii,  figs.  17, 18. 

1854.  Anomopteris  sp.  Stiehler :  Zeitschr.  d.  deutsch.  geol.  Gesellschaft,  Vol.  VI,  p.  661. 

1855.  Anomopteris  Liidowica;  Stiehler:  Bericlit  d.  naturwiss.  Vereins  d.  Harzes  f.  1853 
-    and  1854,  p.  14. 

1857.  Weichselia  Ludovicw  Stiehler:  Zeitschr.  d.  gesammt.  Naturwiss.  z.  Halle,  Vol. 

IX,  p,  454, 

1858,  Weichselia  Ludovicw  Stiehler:  Palaeontographica,  Vol,  V,  Lieferung  3,  p.  73, 

pi.  xii,  xiii. 

1865.  Pteris  reticulata  (Stokes  and  Webb)  Ett. :  Die  Farnkriiuter  der  Jetztwelt,  p.  117. 
1869.  Alethopteris  Ettingshausii  Schimp. :  Traite  de  Pal.  V6g.,  Vol.  I,,p.  569. 

1869.  Lonchopieris  recentior  {¥,tt.)  Schenk:  Palaeontographica,  Vol.  XIX,  p.  4,  pi.  i, 

figs.  2-6,  6a. 

1870.  Asplenites  klinensis  Trautschold,  in  pt. :  Nouv,  M^m,  Soc,  Imp,  Nat,  de  Moscou, 

Vol,  XIII,  p.  209  (Livraison  3,  p.  21),  pL  xx,  figs.  1,  5-8  (non  figs.  2-4). 
1883.  Cladophlebis  nehhensis  Geinitz-Rostock  [non  (Schouw)  Schimp.]  :  Arch.  Ver. 

Freund.  Nat.  Mecklenb.,  Jahrg.  XXXVI,  p.  50. 
1890.  Pecopteris  (ieyleriana  Nathorst  (in  pt. ):  Denkschr.  Wien.  Akad.,  Vol.  LVII, 

p.  48,  pi.  iv,  f.  3. 

'  In  view  of  the  imperfect  state  of  our  knowledge  of  fossil  ferns  no  attempt  will  be  made  in  this 
paper  to  assign  the  genera  to  the  now  recognized  families,  0.smundace?e  H3  inenophyllaceic, 
Schiza-acea',  PolyjxMliace;!;,  etc.,  especially  as  Engler  ami  Prantl's  great  work  has  not  at  tliis  writing 
embrarefl  this  part  of  the  vegetabh;  kingdom. 

*  The  genus  Weichselia  was  founded  in  1858  (I'aiae(»ntographi«  a,  N'ol.  V,  j).  7.'{)  by  August  Wiliichn 
Stiehler  for  the  species  W.  Ludowicce,  which  Mr.  Seward  regards  as  identical  with  LnnchojitcriH  Man- 
telli I'rongn.  (Histoire,  Vol,  T.  p.  369,  pi.  cxxxi.  figs  4.  5.)  Lonclu)pteris  is  a  Paleozoic  genus  iiinl  tliis 
form  liad  to  be  called  by  a  different  name. 
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1891.  Weichselia  errat ica  ^athorst:  Arch.  Ver.  Freiiud.  Nat.  Mecklenb.,  Jahrg.  XLIV, 
p.  24. 

1894.  Weichselia  MantelU  (Brongn.)  Seward:  Wealden  Flora,  Pt.  I,  p.  114,  figs.  12,  13 
on  p.  120.  pL  X,  fig.  3. 

The  horizons  in  division  No.  2  made  by  Professor  Jenney  in  Newton's 
Dakota,  lying  60  and  100  feet  below  the  Dakota  sandstone,  contain  in 
abundance  a  fern  that  is  so  close  to  Schenk's  Lonchopteris  recentior^ 
referred  by  Seward  to  Weichselia  MantelU^  that  it  can  not  be  separated 
from  that  species. 

Schenk  in  his  work,  Die  fossilen  Pflanzen  der  Wernsdorfer  Schich- 
ten  (Palaeontographica,  Vol.  XIX),  p.  4,  pi.  i,  figs.  2-6,  describes  and 
figures  fragments  of  a  fern  with  reticulate  nervation  that  was  obtained 
from  the  Wernsdorf  beds  of  the  northern  Carpathians,  which  are  of 
Urgonian  age.  In  the  size,  shape,  and  mode  of  insertion  of  the  pin- 
nules, in  the  character  of  the  nervation,  and,  indeed,  in  all  important 
points,  the  agreement  between  the  Wyoming  and  European  plants  is 
very  close. 

Schenk  is  no  doubt  correct  in  his  supposition  that  this  fern  is  bipin- 
nate.  It  is  a  rather  peculiar  fact  that  in  all  the  numerous  specimens 
coming  from  the  Hay  Creek  coal  field  and  examined  by  me  there  are 
none  that  show  the  insertion  of  the  ultimate  pinnje  on  a  primary  one. 
The  specimens  are  all  small  bits  of  ultimate  pinnie,  as  were  those  of 
Schenk,  and  show  only  a  few  pinnules.  From  the  imprints  left  on  the 
stone,  and  the  amount  of  carbonaceous  matter  left  by  the  pinnules,  we 
must  conclude  that  they  were  thick  and  leathery  in  nature.  Owing  to 
this,  in  most  of  the  specimens  it  is  difficult  to  see  the  details  of  the  ner- 
vation. Some  of  the  pinnules  approach  in  shape  very  near  to  Lonchop- 
teris  Mantelli  Brongn.,  from  the  Wealden  of  England  and  France,  for 
there  is  some  variability  in  them,  although  for  a  fern  this  is  surprisingly 
small.  Schenk  says  of  his  form  that  it  is  with  difficulty  to  be  separated 
from  the  Wealden  species,  and  the  Wyoming  forms  make  still  more  doubt- 
ful the  propriety  of  making  two  species  of  them.  I  have  in  PI.  CLX, 
Figs.  2  to  4,  endeavored  to  give  average  forms.  Fig.  2  represents  the 
terminal  portion  of  an  ultimate  pinna  with  pinnules  of  average  size. 
Fig.  3  gives  this  enlarged  three  diameters,  to  show  the  nervation.  Fig. 
4  gives  a  portion  of  an  ultimate  pinna  lower  down  than  the  portion  given 
in  Fig.  2  and  represents  pinnules  somewhat  larger  than  those  of  Fig.  2, 
being  the  average  of  the  larger  pinnules  possessed  by  this  fern.  It 
should  be  noted  that  in  the  Hay  Creek  pinnules  their  margins  are  often 
bent  under  and  the  lamina  on  each  side  of  the  midrib  is  convex  in  form, 
giving  the  pinnule  something  of  the  aspect  of  an  Alethopteris,  a  feature 
mentioned  by  Schenk  as  shown  in  the  Wernsdorf  plant. 

Weichselia  reticulata  is  one  of  the  most  common  plants  in  Jenney's 
second  division,  and  forms  nearly  all  of  the  material  obtained  at  cer- 
tain localities.  This  is  the  case  with  the  collections  made  from  cliffs 
along  the  north  side  of  Eed  Water  Valley,  clilf  on  the  south  side  of 


FONTAINE.] 


LOWER  CRETACEOUS  FLORA. 


653 


Pine  Creek,  carbouaceous  shales  in  Rolliu's  tunnel,  and  clill  on  Oak 
Creek  at  Eobbin's  ranch.    Besides  these  localities,  numerous  speci 
mens  occur  at  the  clitf  in  east  bank  of  Oak  Creek. 

It  thus  seems  to  be  abundant  on  both  plant-bearing  horizons  in 
division  No.  2  of  Jenney,  that  00  feet  and  that  100  feet  below  the  base 
of  the  Dakota  sandstone,  and  it  is  without  doubt  one  of  the  most 
characteristic  plants  of  this  division.  No  trace  of  it  has  so  far  been 
found  in  the  divisions  of  the  Lower  Cretaceous  lying  under  No.  2.  Its 
great  abundance  in  division  No.  2  and  its  absence  in  the  underlying 
divisions  indicate  a  change  in  the  flora  which  is  in  keeping  with  the 
differences  seen  in  the  other  plants  of  the  two  portions  of  the  Lower 
Cretaceous. 

Both  the  specimens  ligured  are  from  the  black  carbonaceous  shales 
in  Bollin's  tunnel. 

Genus  MATONIDIUM  Schenk. 
Matonidium  Althausii  (Dunker)  Ward  n.  comb. 

PL  CLX,  Figs.  5-8. 

1844.  Cycadites  Althausii  Dunker:  Prograoim  d.  liohereii  Gewerbschule  in  Cassel, 
1843-1844,  p.  7. 

1846.  Pecopteris  Althausii  Dunker:  Moii.  d.  Norddeutsch.  Wealdenbilduug, p.  5,  pL 
li,  fig.  2. 

1846.  Picopieris  poUjdactyla  Goppeit  in  Dunker:  op.  cit.,  j).  5,  pi.  vii,  fig.  4. 
1846.  Pecopteris  Conyheari  Dunker:  op.  cit.,  p.  7,  pi.  ix,  figs.  8,  8a. 
1846.  AUihopteris  elegans  Goppert  in  Dunker:  op.  cit.,  p.  8,  pi.  vii,  figs.  7,  7a. 
1849.  Pecopteris  elegans  (Gopp.)  Brongn. :  Tableau,  p.  107. 

1852.  Alethopteris  Gwpperti  Ett. :    Abh.  d.  k.  k.  geol.  Reichsanst.  Wien,  Vol.  I,  Abth. 
Ill,  No.  2,  p.  16,  pi.  V. 

1869.  Laccopteris  Gocpperti  (Ett.)  Schimp:  Traits  de  Pal.  V^g.,  Vol.  I,  p.  582;  Atlas, 

pi.  xxxi,  figs.  5-8. 

1870.  Pecopteris  explanata  Trautschold:  Nouv.  M^m.  Soc.  Imp.  Nat.  de  Moscou,  \  ol. 

XIII,  p.  220  (Livraison  3,  p.  32),  pi.  xix,  fig.  7. 

1871.  Matonidium  Gocpperti  (Ett.)  Schenk :  Palaeontographica,  Vol.  XIX,  p.  220,  j^l. 

xxvii,  lig  5;  pi.  xxviii;  j)l.  xxx,  fig.  3. 
1888.  Alethopteris  polydactyla  (Gopp.)  Schenk:  Die  fossileu  Pfianzenreste,  p.  39. 
1891.  Laccopteris  polydactyla  (Gopp.)  Sap.:  Plantes  jurassiques,  Vol.  IV,  p.  384. 

This  fern,  described  by  Schenk  as  abundant  in  the  Wealden  forma- 
tion of  northern  (ierraany,  and  found  by  Heer  in  the  Wealden  of  Por- 
tugal, is  one  of  the  most  common  plants  at  the  horizon  100  feet  below 
the  Dakota  sandstone,  at  the  cliff  on  the  nortli  side  of  Pine  Creek.  It 
occurs  also  very  rarely  in  the  carbonaceous  shales  in  Kollin's  tunnel.  It 
has  not  yet  been  found  at  any  other  localities  or  on  any  other  horizon. 
Schenk's  specimens  as  described  and  figured  in  Die  Foss.  Flora  der 
Norddeutsch.  Wealdenforniation,  pp.  17,  18,  pi.  vi,  fig.  5;  pi.  vii,  ligs. 
1,  la-c,  2,  Ua  (Palaeontographica,  Vol.  XIX,  i)p.  220,  221,  pi.  xxxvii, 
tig.  5;  pi.  xxxviii,  ligs.  1,  la-(i),  show  much  more  of  the  plant  thaii  can 
be  seen  in  the  fossils  li  om  the  Day  Creek  beds.    These  are  always  trag- 
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ments  of  ultimate  pinDse.  They  are  pinnae  of  both  the  sterile  and  fruit- 
ing forms  of  the  fern.  In  their  dimensions  the  pinnules  are  in  most 
cases  larger  than  those  hgured  by  Schenk,  and  smaller  than  those  of 
Heer,  given  on  pi.  xv  of  his  Contributions  a  la  Flore  Fossile  du  Portu- 
gal. The  agreement  in  all  essential  j^oints  of  the  Hay  Creek  fossils 
with  those  from  both  European  regions  is  exact.  The  fructified  pin- 
nules mostly  carry  sori  from  their  tips,  and  they  are  proportionally  very 
large,  so  as  to  cover  the  entire  lamina  on  each  side  of  the  midnerve. 
The  sori  show  a  proportionally  large  and  distinct  depression  in  their 
center.  Fig.  5  gives  average  sterile  pinnules,  and  Fig.  6  represents 
these  enlarged  two  diameters,  to  show  the  character  of  the  nerves.  Fig. 
7  represents  the  fertile  pinnules,  and  Fig.  8  gives  these  enlarged  two 
diameters,  to  show  the  sori. 

Both  the  specimens  figured  are  from  the  cliff  on  the  north  side  of  Pine 
Creek.  . 

Genus  PECOPTERIS  Brongniart.^ 
Pecopteris  Geyleriana  Nathorst. 

PI.  CLX,  Figs.  9-13. 

1890.  Pecopteris  Geyleriana  Nath. :  Denkschr.  d.  Wieii.  Akad.    d.  Wiss.,  Vol.  LVII, 
p.  48,  pL  iv,  fig.  1;  pi.  vi,  fig.  1. 

This  fern,  coming  from  the  Lower  Cretaceous  of  Japan,  was  first 
described  and  figured  by  Nathorst  in  his  Beitrage  zur  Mes.  Flora 
Japans  (Denkschr.  Wien.  Akad.,  Vol.  LVII),  p.  48,  j)!.  iv,  fig.  1;  pi.  vi, 
fig.  1.  It  was  later  found  by  M.  Yokoyama  at  additional  localities  in 
the  same  country  and  formation,  who  noticed  the  plant  in  the  Journal 
of  the  College  of  Science,  Imperial  University  of  Japan,  Vol.  VII,  Pt. 
Ill,  1894,  pp.  219-220,  pi.  xxi,  fig.  12;  pl.  xxiii,  fig„  1,  la;  pi.  xxviii,  fig. 
5,  giving  some  excellent  figures.  The  figures  of  both  ]N"athorst  and 
Yokoyama  show  that  the  i^lant  possesses  some  characteristic  features 
that  render  it  rather  easy  to  identify.  The  Japanese  forms  are  far  more 
complete  than  those  of  the  Hay  Creek  beds,  but  fortunately  the  pecul- 
iarities are  found  mostly  in  the  pinnules,  and  these  are  well  shown  in 
the  American  fossil. 

In  the  Hay  Creek  strata  Pecopteris  Geyleriana  is  always  found  in 
detached  fragments  of  ultimate  pinnse  and  mostly  associated  with  Weich- 

1  There  are  probably  no  true  representatives  of  tbe  genus  Pecopteris  in  the  Cretaceous,  but  in  default 
of  the  fruiting  organs  a  large  number  of  forms  of  Mesozoic  age  have  from  time  to  time  been  referred 
to  this  genus  on  account  of  the  similarity  of  the  fronds  and  their  nervation.  In  recent  times  there 
has  been  a  strong  movement  in  the  direction  of  assigning  such  forms  to  more  modern  genera,  and  in 
due  time  all  will  jirobably  be  so  referred.  They  are  found  to  fall  under  several  diiFerent  genera,  but 
the  majority  of  them  probably  belong  to  the  genus  Cladophlebis,  established  by  Brongniart  himself 
in  1849  (Tableau,  p.  25),  for  the  reception  of  a  number  of  those  that  he  had  formerly  included  under 
Pecopteris.  Among  other  Mesozoic  genera  to  which  these  forms  have  been  referred  are  Weichselia  of 
Stiehler,  Matonidiam  of  Schenk,  and  Scleropteris  of  Saporta.  A  number  have  also  been  placed  in  the 
living  genera  Pteris,  Thyrsopteris,  and  Gleichenia.  This,  however,  is  probably  going  almost  an  far 
to  the  opposite  extreme.  Until  the  subject  shall  have  been  properly  monographed  we  shall  be  obliged 
to  follow  the  authorities  we  have. 


FONTAINE.] 


LOWER  CRETACEOUS  FLORA. 


selia  reticulata.  While  it  is  mucli  less  abundant  than  this  latter,  both 
occur  in  the  same  condition  of  preserva/tion,  which  shows  that  the  frag- 
ments had  been  transported  some  distance  from  the  place  ot  their 
growth.  The  specimens  of  this  Pecopteris  are  nowhere  very  abundant 
and  the  fragments  of  ultimate  pinnae  are  never  very  large.  Still  the 
pinnules  show  their  character  very  distinctly  and  the  number  of  different 
parts  is  great  enough  to  indicate  almost  all  the  variations  mentioned 
and  illustrated  by  Yokoyama.  The  pinnules  of  all  the  Hay  Creek  speci- 
mens are  quite  small.  They  must  have  been  thick  and  leathery,  as  is 
indicated  by  Yokoyama's  figures.  They  must  have  been  quite  durable, 
for  they  leave  a  thick  layer  of  carbonaceous  matter  that  obscures  the 
nerves.  Yokoyama  mentions  as  a  peculiar  feature  that  the  lowest  pin- 
nules on  the  front  of  the  rachis  of  the  ultimate  pinnai  are  often  falcate 
backward  instead  of  forward,  and  he  says  that  they  are  mostly  blunt 
and  that  the  views  are  in  most  cases  indistinct.  All  these  features  are 
seen  in  the  specimens  from  the  Hay  Creek  beds.  The  midnerve  is  gener- 
ally persistent  to  near  the  t'lj)  and  it  sends  off  on  each  side  forking  lateral 
nerves,  which,  owing  to  the  thickness  of  the  carbonaceous  film,  are  not 
often  seen.  Another  peculiarity  seen  in  both  the  Japanese  and  Hay 
Creek  specimens  is  the  rounding  off  of  the  pinnules  at  their  base,  so  as 
to  form  ears,  and  the  posterior  ear  is  usually  larger  than  the  anterior 
one.    The  pinnules  are  more  or  less  triangular  in  shape. 

PI.  CLX,  Fig.  11,  represents  a  fragment  of  an  ultimate  pinna  with 
pinnules  of  the  largest  size  that  were  seen.  Fig.  12  gives  those  of 
intermediate  size,  while  Fig.  9  gives  the  smallest  size.  The  enlargement 
of  Figs.  9  and  12  and  in  Figs.  10  and  13  are  four  diameters. 

This  plant  has  been  found  on  the  horizon  60  feet  below  the  Dakota 
sandstone,  at  the  cliff  in  the  east  bank  of  Oak  Creek,  one  specimen ;  and 
a  number  of  specimens  on  the  horizon  100  feet  below  the  Dakota  sand- 
stone, at  the  cliff  on  the  north  side  of  Pine  Creek;  carbonaceous  shales 
in  Rollin's  tunnel,  and  cliff  on  Oak  Creek  at  Bobbin's  ranch. 

The  specimen  represented  by  Figs.  9  and  10  of  PI.  CLX  is  from 
Eollin's  tunnel;  that  by  Fig.  11  is  from  the  cliff  on  the  north  side  of 
Pine  Creek,  and  that  by  Figs.  12  and  13  from  the  east  bank  of  Oak 
Creek,  2  miles  below  Kobbin's  ranch. 

Pecopteris  borealis  Brongniart. 

I'l.  CLX,  Figs.  U,  15. 

1828.  Pecopteris  borealis  Brongii. :  Histoire  de.s  Vdgetaux  fossiles,  Vol.  I,  p.  3r)l,  pi. 
rxix,  figs.  1,  2. 

A  single  specimen  of  a  plant  so  much  like  the  Pecopteris  horcalis  of 
Brongniart  that  it  may  be  identified  with  it  was  found  on  the  horizon 
00  feet  below  the  Dakota  sandstone,  at  the  cliff  in  the  east  bank  of  ( )ak 
Creek.  It  shows  a  considerable  j)ortion  of  an  ultimate  ])inn;r  with  a 
numl)er  of  pinnules  that  are  (|uite  well  preserved.    Tliese  are  .sliown  in 
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Fig.  13.  The  ultimate  piniicie  must  have  been  quite  long  and  have  had 
closely  set  i)iunules  that  were  separate  near  their  bases.  The  lower 
surface  of  the  rachis  seems  to  have  had  a  corded  appearance,  from  the 
existence  of  the  rachis  in  the  midst  of  a  wing  on  each  side,  caused  by 
the  union  of  the  bases  of  the  pinnules.  The  pinnules  have  the  aspect 
of  those  of  Oladophlebis  of  the  Jurassic  type.  They  are  small,  broad- 
est at  their  bases,  inclined  forward,  more  or  less  ovate  and  subacute 
toward  their  tips.  The  nerves  are  very  distinct,  as  shown  in  Fig.  14. 
The  general  aspect  of  the  pinnules  is  much  like  those  of  the  pinnules 
of  the  specimen  figured  by  Heer  in  Flor.  Foss.  Arct.,  Vol.  I,  pi.  xliv, 
figs.  5a,  5b.  The  rigid  wing  on  each  side  of  the  rachis  in  the  Hay 
Creek  i^lants  makes  the  rachis  of  the  ultimate  pinna  appear  much 
thicker. than  it  really  is.    Only  two  specimens  were  found. 

Genus  OLADOPHLEBIS  Brongniart. 
Oladophlebis  wyomingensis  n.  sp. 

PL  CLX,  Figs.  16,  17. 

A  single  mutilated  specimen  of  a  fern  was  found  on  the  horizon  60 
feet  below  the  Dakota  sandstone,  at  the  cliff  in  the  east  bank  of  Oak 
Creek,  that  is  probably  a  new  species.  The  specimen  shows  only  a 
fragment  of  an  ultimate  pinna  with  pinnules  more  or  less  distorted 
by  pressure.  Some  of  them,  however,  show  their  original  character 
pretty  well.  The  description  of  the  plant  is  as  follows :  Frond  bipin- 
nate,  pinnules  remote,  obliquely  attached,  falcate  and  acute,  slightly 
decurrent,  midnerve  slender  and  continuous  to  near  the  tip  of  the  pin- 
nules, where  it  splits  up  into  branches.  Lateral  nerves  going  off' 
obliquely,  forking  once,  the  forking  taking  place  near  their  insertion. 

Although  not  enough  material  of  this  plant  was  obtained  to  permit 
the  determination  of  its  full  character  and  the  establishment  conse- 
quently of  a  good  species,  it  is  not  near  enough  to  any  species  known 
to  me  to  justify  its  being  identified  with  any  hitherto  described.  Where 
a  i)lant  from  some  new  region  possesses  only  a  slight  resemblance  to 
one  ijreviously  described  from  some  l  emote  locality  it  appears  to  be 
better  usage  to  regard  them  as  different  species.  Still  more  is  this  true 
if  the  two  belong  to  different  geological  formations.  It  is  true  that  this 
involves  a  multiplication  of  species,  but  the  making  of  species,  which 
can  be  easily  merged  into  others  if  necessary,  involves  possible  errors 
of  less  importance  than  the  unjustified  assumption  that  the  same  plant 
existed  in  Avidely  separated  localities  and  survived  through  different 
geological  periods. 

The  plant  now  in  question  is  a  good  deal  like  Fecopteris  virginiensis, 
which  I  have  described  in  Monograph  XV  of  the  U.  S.  Geological  Sur- 
vey, from  the  Lower  Potomac  of  Virginia;  but  it  lacks  the  toothing, 
which  is  a  very  persistent  feature  on  the  pinnules  of  that  jilant,  being 
shown  on  them  even  high  up  toward  the  ends  of  the  ultimate  pinna^. 
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It  is  also  like  the  narrower  forms  of  the  pinnules  of  Gladophlehis  acuta, 
which  is  found  in  the  Lower  Potomac  formation  (see  Mon.  U.  S.  Geol. 
Survey,  Yol.  XV,  pi.  xi,  fig.  7),  but  the  pinnules  of  this  form  are 
closely  placed  and  united  at  bases.  A  larger  amount  of  material  would 
very  probably  justify  its  identification  with  Gladophlehis  acuta.  Our 
plant  has  an  obvious  resemblance  to  the  fern  from  the  Kootanie  forma- 
tion of  British  America  which  Sir  William  Dawson  considers  as  iden- 
tical with  Heer's  Asplenium  distaus  from  the  Jurassic  of  Siberia  (see 
Dawson  on  the  Mesozoic  floras  of  the  Eocky  Mountain  region  of  Canada : 
Trans.  Eoy.  Soc.  Can.,  Sec.  IV,  Vol.  Ill,  1885,  p.  5,  pi.  iii,  fig.  7).  But 
the  Kootanie  plant  is  a  fern  with  larger  i)innules.  Whatever  its  spe- 
cific order  may  be,  our  plant  belongs  to  a  type  which  is  quite  charac- 
teristic of  the  later  Jurassic  and  basal  Cretaceous. 

Cladophlebis  parva  Fontaine? 

PI.  CLX,  Fig.  18. 

1899.  Cladoplilehis  parva  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol.  XV, 
p.  73,  pi.  iv,  f3gs.  7,  7a;  pi.  vi,  figs.  1,  la,  2,  2a,  3,  3a. 

At  the  cliff  on  the  north  side  of  the  valley  of  the  South  Fork  of  Hay 
Creek  and  on  the  horizon  150  feet  above  the  Jurassic  a  small  fragment 
of  a  fern  was  found  that  appears  to  be  identical  with  Cladoplilehis parca 
of  the  Lower  Potomac.  For  description  of  this  species  see  Mon.  U.  S. 
Geol.  Survey,  Vol.  XV,  p.  73.  The  amount  of  material  is  much  too  small 
to  permit  its  true  character  to  be  made  out.  However,  the  pinnules, 
which  are  well  preserved,  are  exactly  like  those  of  Cladoplilehis  parva. 
These  look  much  like  Jurassic  forms  of  Cladophlebis,  and  are  probably 
survivors  from  the  Jurassic.  Several  imperfect  specimens,  which  may 
also  be  placed  doubtfully  in  this  species,  were  found  on  the  horizon  100 
feet  below  the  Dakota  sandstone,  at  the  cliff  on  Oak  Creek,  Robbings 
ranch. 

Genus  SPHE^^^OPTERIS  Brongniart.^ 
Sphenopteris  plurinervia  Heer? 

PI.  CLX,  Figs.  19,  20. 

1881.  Sphenopteris  plurinervia  Heer:  Contributions  a  la  Flore  fossil e  dii  Portugal; 
Section  des  Travaux  geologiques  du  Portugal,  1881,  p.  13,  pi,  xi,  ligs.  6,  fib; 
pi.  XV,  figs.  8,  8b,  8c. 

The  specimen  identitied  doubtfully  with  Ileer's  species  is  a  portion 
of  an  ultimate  pinna  of  a  small  fern.  It  shows  a  number  of  minute 
pinnules  that  have  lost  their  tips,  but  were  evidently  elliptical  in  form 

'  Sphf^nopteris  is  anotlior  mainly  Palef>zoic  f^<!ini.s  of  f«!rn3  to  wliicli  Cretaceous  forms  probably  ouglit 
never  to  iiave  been  ri;f»Tr(;(l.  Many  of  tb(!m  bavo  gone;  into  Oiiycbiopsis,  Cladopbb^bis,  ScU'ro|)teris, 
Dicboptcris,  Cyatbea,  Dioksonia,  and  Tbyrsopteris,  but  si  considerable  number  still  remain  and  it  will 
be  injpoasible  in  tbia  paper  to  assign  tbem  to  tbcir  proper  genera.  Tbey  will  thoreforo  be  left  in 
this  genus  until  a  thorougb  revision  can  bo  made  of  tbe  group. 

19  GEOL,  PT   1-J 
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and  narrowing  to  tlieir  base  in  such  a  manner  that  they  were  attached 
to  the  rachis  almost  by  a  petiole.  They  resemble  Sphenopteris  pluri- 
nervia  enough  to  justify  a  doubtful  identification  with  the  species. 
There  is  not  enough  material  to  permit  the  determination  of  a  full  spe- 
cific character.  Heer  describes  his  plant  in  Oontr.  a  la  Flor.  Foss.  du 
Portugal,  pp.  13-14,  pi.  xi,  fig.  6;  pi.  xv,  fig.  8,  as  coming  from  the 
Lower  Cretaceous  of  Portugal.  The  plant  in  the  Hay  Creek  series 
occurs  on  the  horizon  150  feet  above  the  top  of  the  Jurassic,  at  the 
cliff  on  the  north  side  of  the  valley  of  the  South  Fork  of  Hay  Creek, 
in  only  two  specimens. 

Genus  THYlRSOPTERTS  Kuntze.^ 
Thyrsopteris  pinnatifida  Fontaine? 

PI.  CLXI,  Figs.  1, 2. 

1889.  Thyrsopteris  pinnatifida  Font. :  Potomac  Flora,  Mon.  U.  S.  GeoL  Survey,  Yol. 
XV,  p.  136,  pL  li,  fig.  2 ;  pi.  liv,  figs.  4,  5,  7,  7a,  7b ;  pi.  Ivii,  figs.  7,  7a. 

On  the  horizon  150  feet  above  the  Jurassic  and  at  the  clii:*  op  the  north 
side  of  the  valley  of  the  South  Fork  of  Hay  Creek  a  small  fragment 
of  a  fern  was  found,  having  a  character  unlike  the  others,  and  resem- 
bling Thyrsopteris  pinnatifida  of  the  Lower  Potomac  of  Virginia.  As 
there  is  not  enough  material  to  x)ermit  its  full  character  to  be  made  out, 
its  identification  must  be  doubtful.  The  fragment  shows  a  piece  of  an 
ultimate  pinna  carrying  several  fragmental  pinnules  which  have  all  the 
character  of  those  of  Thyrsopteris  pinnatifida.  They  have  the  same 
size,  shai^e,  and  lobing  of  the  iDiiinules  of  that  i)lant  when  they  occur 
toward  the  ends  of  ultimate  pinna',  being  quite  small,  elliptical  in  shape, 
and  cut  obliquely  into  minute  lobes  and  teeth. 

Thyrsopteris  crassinervis  Fontaine. 

PI.  CLXI,  Figs.  3,  4. 

1889.  Thyrsopteris  crassinervis  Font. :  Potomac  Flora,  Mou.  U.  S.  Geol.  Survey,  Vol. 
XV,  p.  130,  pi.  xli,  figs.  1,  la,  lb,  2,  2a,  2b,  3,  3a,  3b. 

At  the  same  locality  and  on  the  same  horizon  with  the  doubtful 
specimen  of  Thyrsopteris  pinnatifida  another  small  specimen  of  a  differ- 
ent fern  was  found.  This  has  pretty  strongly  shown  the  features  of 
Thyrsopteris  crassinervis  of  the  Lower  Potomac  of  Virginia,  but  in  this 
case  also  the  amount  of  material  does  not  justify  a  positiv-e  identifica- 
tion with  that  form.  The  specimen  is  very  distinct  in  the  features 
shown.  It  is  a  portion  of  a  i)enu]timate  pinna  from  toward  its  tip,  that 
contains  several  short  ultimate  pinnae.  These  have  broadly  elliptical 
pinnules  that  are  united  at  the  base.    The  upper  basal  pinnules,  as  is 

1  Professor  Fontaine  lias  referred  a  large  number  of  Potoma;C  ferns  to  this  living  genus,  perhaps 
correctly,  but  it  would  probably  have  been  better  to  place  them  in  Brongniart's  extinct  genus  Coni- 
opteris.  For  a  brief  account  of  the  general  subject  see  the  Fifteenth  Annual  Report  of  the  U.S. 
Geological  Survey,  p.  383. 
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the  case  with  Tliyrsopteris  crassinervis,  are  a  good  deal  larger  than  the 
others,  but  it  is  not  lobed  as  is  the  case  with  the  corresponding  i:)innules 
of  the  Potomac  plant.  This  is  ijrobably  owing  to  the  fact  that  the  ulti- 
mate pinnae  of  the  Hay  Creek  specimen  come  from  a  portion  of  the 
penultimate  i^inna  nearer  its  end  than  those  of  the  Potomac  form  that 
show  lobed  basal  pinnules.    The  nerves  are  strong  and  distinct. 

Thyrsopteris  ELLiPTiCA  Fontaine. 

PI.  CLXI,  Fig.  5. 

1889.  Thyrsojjteris  ellipUca  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol.  XV, 
p.  133,  pi.  xxiv,  figs.  3,  3a;  pi.  xlvi,  figs.  1,  la;  pi.  1,  figs.  6,  6a,  9;  pi.  li,  figs. 
4,  6,  6a,  6b,  7 ;  pi.  liv,  fig.  6;  pi.  Iv,  fig.  4;  pi.  Ivi,  figs.  6,  6a,  7;  pi.  Ivii, 
figs.  6,  6a;  pi.  Iviii,  figs.  2,  2a. 

This  plant,  which  is  abundant  in  the  Lower  Potomac  strata  of  Vir- 
ginia, and  has  been  described  in  Monograph  XV,  ]>.  133,  is  rather  rare 
in  the  Hay  Creek  beds.  So  far  as  yet  found  it  occurs  on  the  horizon 
150  feet  above  the  Jurassic  at  two  localities :  Cliff  on  the  north  side  of 
the  valley  of  the  South  Fork  of  Hay  Creek,  and  shales  under  the  third 
sandstone,  Barrett,  with  one  doubtful  small  fragment  at  the  contact 
of  the  Jurassic  with  the  Cretaceous,  Lon  Cottles' ranch.  At  all  the 
localities  only  small,  imperfect  fragments  were  obtained,  showing  por- 
tions of  ultimate  T)inn8e.  At  the  first-named  locality  the  fragments  are 
larger,  but  the  pinnules  are  not  so  well  preserved.  At  the  second  local- 
ity the  small  bits  of  pinnjii,  with  often  very  distinct  i)innules,  go  to  help 
form  a  mat  of  vegetation  along  with  small  fragments  of  F'mus  susqua- 
ensis  and  Czelcanowshia  nervosa^  that  covers  the  cleavage  surfaces  of  the 
shale.  The  plants  here  seem  from  some  cause  to  have  been  torn  into 
small  bits,  which,  however,  are  very  distinct  in  character. 

The  shale  under  the  third  sandstone  at  Barrett  deserves  a  careful  and 
prolonged  search.  It  would  no  doubt  yield  many  beautifully  preserved 
specimens  of  those  plants  already  made  out  and  some  new  species,  for 
very  suggestive  fragments,  too  small  to  give  any  positive  character, 
may  sometimes  be  seen.  The  shale  is  well  fitted  to  preserve  plants 
and  is  full  of  fragments.  It  is  very  fine-grained,  gray  in  color,  with  a 
tinge  of  buff.  It  splits  into  laminjje  as  thin  as  paper,  and  the  surface 
of  these  takes  a  perfect  imprint  of  a  plant.  Unfortunately,  only  a  very 
small  amount  of  this  material  was  obtained.  It  is  a  noteworthy  fact 
that  this  shale  is  physically  strikingly  like  the  carbonaceous  shale  at 
Webster's  ranch,  which  Professor  Jenney  places  geologically  100  feet 
below  it.  CzelanoivsMa  nervosa  and  Finns  susquaensls  occur  in  both. 
The  only  difference,  as  shown  by  the  plants,  is  that  the  small  Zamites, 
Z.  horealis,  is  common  on  the  lower  horizon,  while  it  is  not  found  on  tlie 
upper,  and  71tj/rsopteris  ellipticd  occnrs  on  the  u])i)er  ;uid  not  on  the 
lower  horizon. 

The  specimen  figured  was  found  at  the  cliff  on  the  north  side  of  the 
valley  of  the  South  Fork  ol  Hay  Creek,  2h  miles  west  of  Barrett. 
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Thyrsopteris  dentifolia  n.  sp. 

PI.  CLXI,  Figs.  6-9. 

Frond  bipinnate;  only  the  terminal  portions  of  some  of  the  ultimate 
pinnge  were  seen.  The  ultimate  pinnse  have  their  terminal  jjortions 
long  and  narrow,  with  an  unusually  gradual  reduction  in  the  size  of 
the  lobes  and  teeth  which  they  carry,  and  which  represent  the  pin- 
nules of  lower  portions  of  the  pinnse  and  frond.  The  lowest  pinnules 
seen  on  the  ultimate  pinn?e  (Fig.  G)  are  united  at  base,  very  obliquely 
inserted  on  the  rachis,  oblong  in  form,  with  margins  notched  as  if  for 
incipient  lobes.  Toward  the  end  of  the  pinna)  the  pinnules  pass  very 
gradually,  by  diminution  in  size  and  increasing  union,  into  lobes  and 
then  into  teeth.  Tliese  lobes  and  teeth  are  narrowly  ovate,  acute,  and 
very  oblique,  diverging  from  the  rachis  (Fig.  8).  The  lobes  have  each 
a  single  nerve,  which  sends  a  branch  to  the  upper  margin  or  tooth.  In 
the  notched  lower  x^ititi''^  a  midnerve  sends  off  on  each  side  a  branch 
into  each  incipient  lobe. 

It  is  obvious  that  not  enough  material  is  possessed  to  give  certainly 
the  character  of  this  small  fern.  The  long  drawn  out  tips  of  the  ulti- 
mate pinmB,  with  small  dentate  lobes  and  acute  diverging  teeth,  appear 
to  be  a  new  and  constant  character.  The  tips  of  the  pinnse  look  like 
portions  of  a  twig  of  some  conifer.  These  terminal  portions  seem  to 
have  been  rather  easily  broken  off,  for  they  form  most  of  the  imprints 
found.  One  of  these  bits,  18  mm.  long,  shows  only  the  tooth-like  lobes, 
the  width  from  tip  to  tip  of  which  is  only  2.5  to  3  mm.  The  plant  looks 
much  like  Splienopteris  2IantelU  Brongn.  [Onychiopsis  Mantelli  (Brongn.) 
Sew.],  and  would  have  been  so  regarded  were  it  not  for  the  passage  in 
the  lower  portions  of  the  pinnae  of  the  lobes  into  Thyrsopterid  pin- 
nules. At  any  rate  it  belongs  to  the  kind  of  fern  with  narrow,  rigid 
pinnules  which  appears  common  in  the  Lower  Cretaceous,  and  of 
which  OnycMopsis  MantelU  may  be  taken  as  the  type. 

This  fern  occurs  sparingly  on  the  horizon  50  feet  above  the  Jurassic, 
at  the  shales  over  coal  2  miles  southeast  of  Barrett. 

Thyrsopteris  brevifolia  Fontaine. 

'PI.  CLXI,  Figs.  10-15. 

1889.  Tliyrsopteris  hrevifolia  Font. :  Potomac  Flora,  Mon.  U.  S.  GeoL  Survey,  VoL  XV, 
p.  121,  pi.  xxiv,  figs.  5,  5a,  5b,  5c,  5d,  10. 

This  i)retty  little  fern  is  one  of  the  most  common  plants  on  the  hori- 
zon 50  feet  above  the  Jurassic  at  the  shale  over  coal  2  miles  southeast 
of  Barrett,  where  its  fragments  cover  thickly  some  of  the  cleavage  sur- 
faces of  the  shale,  being  mingled  with  fragments  of  Thyrsopteris  denti- 
folia  and  T.  pecopteroides.  It  never  shows,  in  any  imprint,  more  than 
detached  fragments  of  ultimate  pinnae.  These,  however,  are  numerous 
enough  to  give  a  pretty  full  representation  of  various  portions  of 
these  pinna3  from  different  parts  of  the  frond.    At  the  same  time 
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gradations  show  connecting  links  between  the  detached  portions.  This 
plant  was  found  in  the  Lower  Potomac  of  Virginia,  occurring  at  the 
Dutch  Gap  Canal,  in  a  ball  of  red  clay  or  shale,  which  was  embedded 
in  the  layers  of  bluish-gray  clay  and  sand  that  form  the'  banks  of  the 
canal.  It  was  found  nowhere  else  in  that  formation,  and  it  is  interest- 
ing to  note  that  it  occurs  in  the  Hay  Creek  region,  at  only  one  locality, 
in  a  shale  that  resembles  that  containing  it  at  the  Dutch  Gai).  Its 
description  was  given  in  Mon.  XY,  p.  121,  x)l.  xxiv,  figs.  5,  5a-d,  and  10. 

The  larger  number  of  imprints  occurring  in  the  Hay  Creek  beds 
enable  us  to  see  i)arts  not  shown  in  the  Potomac  fossils.  These  are 
portions  from  lower  down  on  the  ultimate  pinnte  and  parts  of  ultimate 
pinnce  from  higher  up  toward  the  summit  of  the  frond.  All  the  parts 
indicate  a  fern  somewhat  more  robust  than  the  Dutch  Gap  plant.  The 
pinnules  from  the  lowest  portion  of  the  i^inujii  and  frond  are  still  more 
like  Sphejiopteris  liymenophylloides  Brongn.  than  any  of  the  Potomac 
specimens.  The  ultimate  pinnae  from  both  regions  were  evidently  very 
long  and  slender,  and  the  Hay  Creek  specimens  show  that  they  ended 
in  long  drawn  out  and  attenuated  terminations.  Especially  is  this  true 
of  the  pinnic  from  the  upper  part  of  the  frond,  as  shown  in  Figs.  12 
and  14  of  PI.  CLXI.  The  deeply  incised  pinnules.  Fig.  10,  graduate 
into  elliptical  lobes  and  teeth  toward  the  ends  of  the  pinnai.  These 
are  shown  in  Figs.  12  and  11,  Fig.  12  giving  the  lobed  forms  and  Fig.  14 
those  with  teeth.  All  this  is  clearly  shown  in  the  enlarged  Figs.  11, 13, 
and  15. 

Thyrsopteris  pecopteroides  Fontaine. 

PL  CLXI,  Figs.  16-19. 

1889.    Thyrsopteris  pecopteroides  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survej', 
Vol.  XV,  p.  135,  pi.  li,  figs.  1,  la. 

This  small,  delicately  incised  fern  was  found  by  the  writer  in  the 
Lower  Potomac  of  Virginia  at  Fredericksburg,  where  it  occurs  (piite 
rarely.  It  occurs  in  the  Hay  Creek  beds,  on  the  horizon  50  feet  above 
the  Jurassic,  at  the  shales  over  coal  2  miles  southeast  of  Barrett,  along 
with  Thyrsopteris  hrevifoUa  and  T.  dentifolia,  being  almost  as  common 
as  the  former.  The  specimens  show  only  portions  of  the  ultimate  pinnie, 
but  some  of  these  appear  to  come  from  i)arts  of  the  frond  lower  down 
than  any  seen  in  the  Potomac  fossils.  Hence  some  of  the  pinnules  are 
somewhat  larger  than  any  belonging  to  the  Virginia  specimens  and 
show  a  greater  tendency  to  lobing.  These  are  given  in  Figs.  IG  and  1 7. 
At  the  same  time  pinnjc  from  parts  of  the  frond  higher  up  than  those 
seen  in  the  Potomac  specimens  were  obtained.  These  are  very  minute. 
They  are  shown  in  Figs.  18  and  11). 

It  IS  a  noteworthy  fact  that  the  three  ferns  last  described,  viz,  Thyr- 
sopteris  dodifoliaj  T.  hreriJoli((^  and  T.  j^ccopferoidcsj  occur  together 
in  c()mi)arative  abundancMi  on  the  horizon  given  by  Professor  Jcnncy  at 
30  to  50  feet  above  the  Jurassic,  at  shales  over  the  coal  2  miles  south- 
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east  of  Barrett,  while  they  are  found  nowhere  else  in  the  Hay  Creek 
region.  Only  one  small  collection  from  this  locality  was  placed  in  my 
handSj  and  it  is  much  to  be  desired  that  additional  collections  should 
be  made  there.  The  shale  preserves  the  plants  well,  it  cleaves  nicely, 
and  seems  to  be  rich  in  fossils.  Some  bits  indicate  that  other  and  new 
forms  may  be  found  there.  It  is  peculiar  that  so  many  parts  of  detached, 
ultimate  pinnje  are  found  at  this  locality  with  their  terminal  portions 
perfectly  preserved,  while  in  no  case  were  the  pinnoe  seen  attached  to  a 
rachis.  The  terminal  portions  of  pinn?e  of  delicate  ferns  like  these  are 
usually  the  parts  most  poorly  preserved. 

Thyrsopteris  brevipennis  Fontaine? 

Pl.CLXII,  Fig.  la.i 

1889.  Tliyrsopteris  hrevipennis  Font. :  Potomac  Flora,  Mon.U.  S.  Geol.  Survey,  Vol.  XV, 
p.  124,  pi.  xxxiv,  figs.  3,  3a;  pl.xxxvi,fig9.  2,  2a;  pl.xxxvii,figs.  3,  9;  pl.xxxviii, 
figs.  1,  la,  lb ;  pi.  xli,  figs.  4,  4a. 

This  species  was  described  by  the  writer  from  the  Lower  Potomac  in 
Monograi)h  XY  of  the  U.  S.  Geological  Survey,  page  124.  In  the  Hay 
Creek  beds  were  found  several  small  fragments  of  ultimate  pinnae, 
carrying  a  few  pinnules,  of  a  fern  that  is  apparently  the  same  species, 
but  the  amount  of  material  is  not  sufficient  to  permit  positive  identifi- 
cation. They  occur  only  on  the  horizon  150  feet  above  the  Jurassic,  at 
the  cliff  on  the  north  side  of  the  valley  of  the  South  Fork  of  Hay  Creek. 

Genus  SCLEROPTERIS  Saporta.^ 

SCLEROPTERIS  DISTANTIFOLIA  n.  S13 
PL  CLXII,  Figs.  2,  3. 

This  is  apparently  a  new  Scleropteris  that  occurs  at  the  same 
locality  and  horizon  as  Tliyrsopteris  pinnatifida  and  T.  crassinervis,  on 
the  South  Fork  of  Hay  Creek,  170  feet  below  the  Dakota  sandstone.  It 
occurs  in  only  one  specimen,  but  that  is  characterized  well  enough  to 
justify  its  being  provisionally  made  a  new  species. 

The  specimen  shows  a  fragment  of  a  long,  slender  ultimate  pinna. 
The  lobes,  or  rather  pinnules,  are  remote  from  one  another  and  very 
obliquely  directed  toward  the  ends  of  the  pinna,  so  that  they  diverge 
very  slightly  from  the  rachis  to  which  they  are  attached.  They  are 
very  small,  narrowly  ellipitical  in  form  and  decurrent  at  base,  so  as  to 

1  Where  the  material  was  scarce  and  doubtful,  Professor  Fontaine  did  not  always  select  specimens 
for  illustration.  It  seemed  to  me  all  the  more  important  that  such  cases  should  he  illustrated  in  order 
that  the  occurrence  of  the  species  in  the  Black  Hills  might  be  fully  attested.  I  have  therefore  had 
figures  made,  however  imperfect,  to  support  his  notes. 

2  This  genus  was  established  by  the  Marquis  Saporta  in  1872  (Plantes  Jurassiques,  Vol.  I,  p.  364)  to 
embrace  a  number  of  forms  of  Mesozoic  ferns  previously  referred  to  Sphenopteris,  Loxopteris, 
Pachypteris,  and  Dichopteris,  but  without  wholly  absorbing  these  genera.  The  Lower  Cretaceous  of 
America  contains  some  forms  that  fall  distinctly  within  the  limits  of  the  genus. 
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form  a  comparatively  wide  wing.  The  nervation  consists  in  each 
pinnule  of  a  parent  nerve  that  splits  up  into  several  branches  which 
are  directed  very  obliquely  ujjward  toward  the  tip  of  the  pinnule. 
One  or  more  of  the  branches  may  be  forked. 

The  shale  which  yields  these  plants  at  the  clitf  on  the  north  side  of 
the  valley  of  the  South  Fork  of  Hay  Creek  is  a  tine-grained  fissile 
material,  gray  in  color,  with  a  sHght  brownish  shade.  It  preserves  the 
plants  beautifully,  although  most  of  those  obtained  are  in  small  bits, 
owing  to  the  small  fragments  of  the  shale  obtained.  This  is  no  doubt 
due  to  the  fact  that  the  specimens  come  from  weathered  shale  of  sur- 
faces long  exposed.  From  the  character  of  this  material  there  is  little 
doubt  that  if  specimens  be  taken  from  fresher  rock,  farther  in  from  the 
surface,  larger  and  more  complete  imprints  of  the  plants  would  be 
found.  Only  a  small  amount  of  the  rock  was  obtained,  and  no  doubt 
prolonged  and  careful  search  would  result  in  finding  other  jilants. 
Occasionally  to  be  seen  on  the  specimens  are  small  bits  and  fragments 
that  indicate  the  existence  of  other  plants  besides  those  mentioned  in 
this  paper.  In  addition  a  number  of  the  plants  found  here  are  not 
found  elsewhere,  so  that  it  is  very  desirable  that  additional  collections 
should  be  made  at  this  spot. 

SCLEROPTERIS  ROTUNDIFOLIA  n.  Sp. 
PI.  CLXIT,  Figs,  i,  5. 

Frond  probably  tripinnatifid.  The  ultimate  j)innfe  or  pinnules  are 
very  small.  Their  tips  are  not  preserved,  but  they  were  probably  not 
more  than  5  mm.  in  length.  They  are  alternate  and  attached  at  an 
angle  of  about  45o  with  the  principal  rachis.  They  carry  minute  cir- 
cular lobes  or  pinnules  that  are  united  at  base  by  a  proportionally 
broad  wing.  This  latter  is  thick  in  texture  and  rigid,  so  that  when  the 
rachis  is  seen  from  above  the  wing  seems  to  be  a  x)art  of  it.  Hence  the 
rachis  appears  abnormally  strong.  When  the  underside  of  the  rachis 
is  presented  it  is  seen  to  be  very  slender.  The  pinnules  or  lobes  become 
more  and  more  united  toward  the  tips  of  the  ultimate  pinnre.  They 
are  not  more  than  three-fourths  of  a  millimeter  wide.  In  each  lobe  a 
nerve  ascends  from  a  very  oblique  insertion  and  splits  in  a  fiabellate 
manner  into  two  or  more  branches. 

This  minute  Scleropteris  is  not  near  any  described  plant  known  to 
me.  The  best  preserved  specimens  do  not  show  enough  to  enable  the 
character  of  the  plant  to  be  made  out  fully,  but  enough  may  be  seen  to 
indicate  that  it  is  a  i)retty  well  marked  new  species.  PI.  CLXFl,  Fig.  4, 
gives  the  most  comi)lete  im|)rint  found. 

It  occurs  in  several  specimens  on  the  horizon  150  feet  above  the 
Jurassic  at  the  cliff*  on  the  north  side  of  the  valley  of  the  South  Fork 
of  Hay  Creek,  and  has  been  found  as  yet  nowhere  else. 
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Genus  ASPLEISTIUM  Linnaeus. 
AsPLENiUM  DiCKSONTANUM  Heerf 

PL  CLXII,  Figs.  6-8. 

1874.  Asplenium DicJcsonianumHeeT :  Die Kreide-Florader  arctisclien Zone,  K.  Svensk. 
Vet.-Akad.  Handl.,  Vol.  XII,  No.  6  (Fl.  Foss.  Arct.,  Vol.  Ill,  Ft.  II),  p.  31,  pi.  i, 
figs.  1  (excl.  b,  c),  laa,  2,  3,  3b,  4,  5  (excl.  a,  b,  c). 

The  specimens  represent  the  summits  of  ultimate  pinnae  of  a  fern 
which  is  decidedly  like  Asplenium  Diclcsoiiianum  Heer,  from  the  Kome 
beds  of  Greenland.  It  has  also  something  of  the  character  of  the 
widely  diffused  Potomac  plant  Thyrsopteris  rarinervis.  but  is,  I  think, 
nearer  Heer's  plant.  ^ 

Genus  GLEICHENIA  Smith. 
Gleichenia  Zippei  (Oorda)  Heer? 
PI.  CLXII,  Fig.  9. 

1846.  Pecopteris  Zippei  Corda  in  Reuss :  Versteineningeu  d.  bohm.  Kreideformation, 

Abth.  II,  p.  95,  pi.  xlix,  figs  2,  3. 
1868.  Gleichenia  Zippei  (Corda)  Heer:  Fl.  Foss.  Arct.,  Vol.  I,  ji.  79,  pi.  xliii,  figs. 
4,  4b. 

Some  ends  of  the  ultimate  pinnae  of  a  small  fern  with  the  facies  of 
Gleichenia  occur  in  the  collection.  This  Is  nearest  to  Heer's  G.  Zippei 
from  the  Kome  beds,  but  the  pinnules  are  rather  more  acute  than  most 
of  those  of  that  plant,  and  indicate  that  those  on  this  plant  lower 
down  are  somewhat  larger  than  those  of  G.  Zippei.  The  form  is  also 
something  like  Aspidium  lieteropliyllum  of  the  Potomac  formation,  but 
seems  to  be  smaller  and  more  delicate.    It  may,  however,  be  the  same.^ 

'  The  above  is  all  that  Professor  Fontaine  says  in  his  letter  of  January  10,  1894,  about  the  three 
small  fragments  figured  on  PL  CLXII,  Figs.  6-8,  which  -were  collected  by  Professor  Jenney  and  myself 
on  the  slope  of  Red  Canyon  in  the  Minnekahta  region.  After  examining  the  specimens  he  returned 
them  with  labels,  on  all  of  which  he  wrote :  "  Probably  Asplenium  Dicksonia7ium."  It  is  a  significant 
fact  that  neither  this  species  nor  the  Potomac  fern  Thyrsopteris  rarinervis  Font.,  occurs  in  the  Hay 
Creek  collection.  A  comparison  of  these  fragments  with  the  fine  specimens  of  Asplenium  Dicksoni- 
anum  collected  by  us  near  Evans  quarry,  in  the  true  Dakota  group  (see  infra,  p.  704,  PI.  CLXX,  Fig.  1), 
will  be  of  interest. 

2  The  above  description  by  Professor  Fontaine  was  based  chiefly  on  the  specimen  figured  on  PI. 
LXXX,  Fig.  9,  but  of  which,  at  the  time  he  examined  it,  scarcel}'  more  than  2  cm.  were  visible  of  the 
upper  part  of  the  pinna.  After  its  return  I  observed  that  the  impression  i>assed  into  the  rock  below 
the  exposed  portion,  and  by  a  little  skillful  manipulation  I  succeeded  in  scaling  off  a  piece  of  rock 
and  exposing  the  remainder  that  we  here  see,  amounting  to  considerablj^  more  than  5  cm.  The  lower 
lobes  are  somewhat  more  toothed  than  the  upper  ones,  thus  difi'ering  from  Heer's  figures.  They  are 
not  pointed  like  Aspidium  heterophyllum  Font.,  and  it  seems  to  me  probable  that  the  impression  may 
represent  a  pinnule  of  Thyrsopteris  pecopteroides  Font. 
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Subkingdom  SPERMATOPHYTA  (Phanerogams). 
Stabdivision  OYMNOSF^ERIVIAE. 
Class  CYCADALES  Engler  1897.^ 
Family  CYOADAGE^. 

No  unequivocal  cycadaceous  plants  occur  above  the  horizon  lying 
150  feet  above  the  Jurassic.  The  only  possible  exceptions  are  the  one 
or  two  small  fragments  of  leaves  that  occur  at  higher  horizons,  and 
that  look  more  like  Zamites  than  any  other  plant.  They  show,  how- 
ever, neither  basal  nor  terminal  portions,  and  may  be  Nageiopsis. 
Cycads  of  the  tyi)e  of  Zamites  described  by  Heer,  so  characteristic  of 
the  Kome  beds  of  Greenland,  are  the  only  certain  ones  found  in  the 
Hay  Creek  strata.  On  the  horizon  150  feet  above  the  Jurassic  at  John 
Barr's  tunnel  they  are  the  most  common  plants.  Elsewhere  they  are 
rare.  It  is  a  noteworthy  fact  that  this  tyi)e  of  cycad  seems  to  be  the 
most  characteristic  one  in  the  Kootanie  beds,  as  made  known  by  Sir 
William  Dawson,  and  in  the  strata  of  similar  age  at  Great  Falls,  Mon- 
tana. Taking  all  these  occurrences  into  consideration,  it  seems  that 
this  type  is  highly  characteristic  of  the  Lower  Cretaceous,  at  least  of 
North  America. 

Genus  ZAMITES  Brongniart. 
Zamites  brevipennis  Heer.  • 

PI.  CLXII,  Figs.  10-13. 

1874.  Zamites  brevipennis  Heer:  K.  Svensk.  Vet.-Akad.  Haudl.,  Vol.  XII,  No.  6  (Fl. 
Foss.  Arct.,  Vol.  Ill,  Pt.  II),  p.  67,  pi.  xv,  figs.  8-10. 

Several  well-preserved  specimens  of  a  small  Zamites  occur  on  the 
horizon  150  feet  above  the  Jurassic  at  John  Barr's  tunnel,  and  nowhere 
else,  which  are  identical  with  Z.  brevipennis  obtained  by  Heer  from  the 
Kome  beds  of  Greenland  and  described  by  him  in  Vol.  Ill  of  Fl.  Foss. 
Arct.,  Pt.  II,  Die  Kreide-Flora  des  Arctischen  Zone,  p.  07,  pi.  xv,  iigs. 
8,  9,  10.  They  agree  so  far  that  even  Heer's  largest  and  smallest  forms 
of  this  plant  can  be  duplicated  from  the  Hay  Creek  beds.  Fig.  10 
agrees  well  with  Heer's  larger  forms,  and  Fig.  12  with  his  smaller.  The 
nerves  could  not  be  made  out,  for  it  appears  that  they  are  not  visible 
in  this  type  wiien  the  upper  surface  of  the  i)lant  is  i)resented  uppermost. 

The  plants  must  have  had  a  coriaceous  and  double-leaf  texture,  for 
in  the  shale  the  leaf  substance  is  to  a  large  extent  preserved,  and  may 
be  peeled  off  so  as  to  remove  all  trace  of  the  plant. 

'  Tbe  class  Bennettitales  (see  supra,  p.  598)  does  not  include  the  foliage,  fruits,  etc.,  of  cycadean  vege- 
tation found  in  a  fossil  state,  but  only  potritied  trunks.  Wo  are,  therefore,  conipellcMl  to  refer  the 
former  still  to  tlie  class  Cycadah^s  and  faniilj  Cycadacoa.*.  There  is  evidently  an  inconsisifncy  in 
this,  as  it  is  alto^ellier  probable  tliat  tlin  imprcsHions  from  tbe  sanio  hf)riz()n  rt'prpscnt  tb»«  t'oliago, 
etc.,  of  the  forms  whose  trunks  were  entomlx-d  at  olhiir  localities  under  dilfereut  con<litions. 
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The  shale  at  John  Barr's  tmmel  deserves  careful  examination,  and 
additional  collections  should  be  made  from  it.  Only  one  small  bundle 
of  specimens  was  placed  in  my  hands  as  coming  from  this  locality,  and 
it  contained  at  least  one  species  not  found  elsewhere,  while  it  gives 
promise  of  well-preserved  specimens  from  a  critical  horizon  in  the  Lower 
Cretaceous.  Besides  it  is  of  a  nature  to  preserve  in  great  perfection 
the  plants  that  it  contains.  Even  in  the  apparently  weathered  frag- 
ments obtained  the  points  were  shown  with  a  distinctness  rarely  found. 
The  shale  is  very  fine-grained  and  fissile,  splitting  into  thin  and  smooth 
laminae. 

Zamites  borealis  Heer. 

PL  CLXII,  Fig.  14. 

1874.  Zamites  horealis  Heer:  K.  Svensk.  Vet.-Akad.  Handl.,  Vol.  XII,  No.  6  (Fl.  Foss. 
Arct.,  Vol.  Ill,  Ft.  II),  p.  66,  pi.  xiv,  figs.  13, 14;  pi.  xv,  figs.  1,  2. 

A  Zamites,  which  is  identical  in  all  respects  with  Heer's  Z.  borealis 
from  the  Kome  beds  of  Greenland,  is  one  of  the  most  common  fossils  at 
some  of  the  localities  yielding  plants  from  the  lower  horizons  of  the 
Hay  Creek  beds.  It  occurs  on  the  horizon  150  feet  above  the  Jurassic, 
at  John  Barr's  tunnel,  where  it  is  the  most  common  fossil,  and  appears 
to  be  abundant.  On  the  horizon  50  feet  above  the  Jurassic,  it  occurs  also 
in  carbonaceous  shale;  Webster's  ranch,  where  it  is  rather  common,  and 
from  which  the  specimen  figured  on  PI.  CLXII,  Fig.  14,  was  obtained; 
also  at  the  shales  over  lowest  coal,  Larrabee's  shaft,  where  it  is  not  so 
common.  The  nerves  were  not  seen,  as  they  are  ijrobably  immersed  in 
the  rather  thick  leaf  substance. 

This  Zamites  seems  to  me  to  be  identical  with  that  coming  from  the 
Kootanie  beds  and  described  by  Sir  William  Dawson  in  his  paper  on 
the  Mesozoic  floras  of  the  Rocky  Mountain  region  of  Canada:  Trans. 
Roy.  Soc.  Can.,  Sec.  IV.,  Vol.  Ill,  p.  7,  pi.  i,  fig.  5.  This  he  has  identi- 
fied with  Heer's  Z.  acutipennisy  from  the  Lower  Cretaceous  of  Green- 
land. This  Zamites  is  evidently  widely  diffused  in  the  Lower  Creta- 
ceous of  Korth  America,  and  is  highly  characteristic  of  it.  On  this 
account,  the  entire  absence  in  the  Lower  Potomac  of  the  type  of 
Zamites  to  which  it  belongs  is  all  the  more  noteworthy. 

Zamites?  sp. 

PL  CLXII,  Fig.  15. 

On  the  horizon  100  feet  below  the  base  of  the  Dakota  sandstone,  at 
the  cliff'  on  Oak  Creek  at  Robbin's  ranch,  a  small  fragment  of  a  leaf  was 
found,  which  looks  like  a  portion  of  a  Zamites.  It  has  pretty  strong, 
closely  placed,  and  numerous  nerves.  As  it  shows  neither  base  nor 
termination,  its  character  can  not  be  determined.  It  may  be  I^ageiopsis 
or  Podozamites.  If  it  be  a  Zamites  it  does  not  belong  to  the  type  of 
Z.  borealis  Heer,  but  rather  to  that  of  Z.  tenninervis  Font.,  of  the 
Lower  Potomac. 

The  above  constitute  all  the  occurrences  of  possibly  cycadaceous 
foliage  in  the  Hay  Creek  strata. 
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Genus  GLOSSOZAMITES  Schimper. 
Glossozamites  Fontaineanus  Ward  n.  sp. 

PI.  CLXII,  Figs.  16-18. 
1894.  Glossozamites?  sp.  Font. :  Journal  of  Geology,  Vol.  II,  p.  260.^ 

The  most  common  fossils  are  fragments  of  detached  leaflets  and  one 
entire  leaflet  of  a  i^lant  which  is  strikingly  like  a  Neuropteris  of  the 
Goal  Measures  {N.  flmmosa).  I  am  pretty  sure,  however,  that  it  is  a 
Glossozamites,  a  form  of  cycad  that  has  leaflets  which  closely  resemble 
Neuropteris  in  form  and  nervation.  This,  if  a  Glossozamites,  has  leaf- 
lets proportionately  broader  and  shorter  than  any  known  to  me,  and  it 
is  probably  new.  I  wish  that  you  would  compare  it  with  the  figures  of 
Glossozamites  in  your  library.^ 

Genus  CYGADEOSPERMUM  Saporta. 
Gycadeospermum  ROTUND  at  um  Fontaine. 

PI.  CLXII,  Fig.  19. 

]889.  Cycadeospermum  roturidatum  Font.:  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey, 
Vol.  XV,  p.  271,  pi.  cxxxvi,  fig.  12. 

A  single  specimen  of  a  round,  nut-like  seed  was  found  on  the  horizon 
100  feet  below  the  Dakota  sandstone,  at  the  clift'  on  Oak  Greek,  at 
Eobbin's  Eanch.  This  in  all  respects  is  exactly  like  the  seed  found  in 
the  Lower  Potomac  of  Virginia,  and  described  under  the  name  Gyca- 
deospennum  rotundatuni,  in  Mon.  U.  S.  Geol.  Survey,  Vol.  XV,  p.  271. 
A  similar  seed  was  found  in  the  Trinity  division  of  the  Gomanche  series 
of  the  Lower  Gretaceous  of  Texas.  The  Hay  Greek  seed  has  the  shape 
and  size  of  C,  rotundatnm,  with  also  its  characteristic  epidermis,  which 
is  smooth,  parchment-like,  and  durable. 

'  As  this  species  is  very  well  characterized  and  evidently  new,  I  thought  it  deserved  a  specific 
name,  and  have  therefore  dedicated  it  to  Professor  Fontaine,  who  determined  its  generic  affinities  and 
descrihed  it. 

21  have  complied  with  the  last  suggestion  in  the  above,  which  is  contained  in  his  report  on  the 
small  collection  made  l)y  Professor  Jenney  and  myself  from  the  slope  of  Red  Canj'on,  west  of  tlie  fos- 
sil forest  containing  tliese  specimens.  I  liave  examined  all  the  figures  of  Glossozamites  and  of  tlie 
forms  originally  referred  to  other  genera  (Podozamites,  Pterophyllum)  that  Scliimper  referred  to  that 
genus  when  he  established  it.  The  pinnules  are  generally  more  elongated  and  narrow,  conforming  to 
Schimper's  character  (Trait6  de  Pal.  V6g.,  Vol.  II,  p.  128)  "folia  lincalia,  obtuse  acuminata,  foliolis 
lingulatis."  This,  how(;ver,  has  not  been  consistently  adhered  to.  Tlie  figure  that  aj)pro;u'h(;s  ours 
most  nearly  is  that  of  Kurr  in  his  Beitrjige  z.  loss.  Fl.  d.  Juraform.  Wiirttetnburgs,  1H45,  jtl.  i,  fig.  5, 
called  l)y  him  rteropfnjlliun  ohlonrjifolium,  and  referred  to  Glossozamites  by  Schimper. 

In  their  short,  roun<led  form  they  approach  much  more  closely  to  some  speciew  ofOtozamites  (cf.  O. 
Beanii)  (L.  &  H.)  Brongn.  in  Saporta,  Plantes  Jurassiques,  Vol.  II,  pi.  xcv.  Fig.  2),  and  our  Fig.  17  even 
shows  a  slightly  auriculate  base.  That  genus  passes  in  some  of  its  species  into  Si)heno:'.amite8,  in 
which  the  pinnules  are  wedge-shajied  at  tlie  base,  and  either  sesHile  or  raised  on  a  short  stalk.  Our 
forms  may  be  compared  with  .V.  latifolius  (Brongn.)  Sap.  (cf.  op.  cit.,  pi.  cxiii,  tigs.  2,  3). 
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Genus  WILLIAMSOOTA  Oarruthers. 

WILLIAMSONIA  ?  PHCENIOOPSOIDES  Ward  11.  sp.^ 
PI.  CLXII,  Fig.  20. 

An  imperfectly  preserved  imprint  of  a  portion  of  a  plant  was  found 
on  the  horizon  150  feet  above  the  Jurassic,  at  the  cliff  on  the  north  side 
of  the  valley  of  the  South  Fork  of  Hay  Creek.  This,  owing  to  its 
strong  resemblance  to  Williamsonia,  is  placed  doubtfully  in  that  genus. 

It  consists  of  the  summit  of  what  seems  to  have  been  a  thick,  fleshy 
stem^  from  which  radiate  flabellately  the  basal  portions  of  what  were 
probably  thick,  fleshy  bracts,  having  the  character  of  those  of  William- 
sonia. The  nature  of  these  can  not  be  made  out,  as  only  their  bases 
are  preserved,  and  these  seem  to  be  distorted  from  compression  by 
crowding.  This  gives  them  less  width  than  is  shown  in  the  bracts  of 
most  Williamsonias.  The  fossil  looks  something  like  a  palm  leaf,  which 
preserves  only  the  portion  immediately  around  the  summit  of  the  peti- 
ole. It  resembles,  also,  some  of  the  forms  of  Jurassic  Phoenicopsis, 
which  Heer  has  described  in  his  Fl.  Foss.  Arct.,  Yol.  lY,  Pt.  II 
(Beitrage  zur  Juraflora,  Ostsib.),  p.  112,  pis.  xxix,  xxx,  and  it  is  not 
impossible  that  it  may  belong  to  this  genus.  If  it  is  a  Williamsonia,  it 
is  probably  a  new  species. 

Class  CONIFERv^  (Conifers).  ^ 

Conifers  form  the  most  abundant  plants  in  the  Hay  Creek  strata. 
They  surpass  in  species  any  other  great  group,  and  far  exceed  in  the 
number  of  individuals  of  some  species  any  other  plants.  They  are,  as 
a  rule,  the  best  preserved  specimens  that  are  found  at  the  several 
localities.  While  they  are  the  most  abundant  forms  in  the  higher 
strata,  there  is  a  noteworthy  scarcity  of  them  in  the  lower. 

*  Whatever  may  be  the  objections  to  giving  names  to  defective  objects,  it  is  found  in  practice  that  to 
designate  them  merely  "sp."  after  assigning  them  even  doubtfully  to  a  genus  leads  to  great  confu- 
sion and  involves  much  more  labor  on  the  part  of  all  who  may  subsequently  have  anything  to  do  with 
them  than  to  give  them  specific  names.  Such  a  designation  is  a  name.  It  has  to  be  credited  to  the 
najuer,  and  the  awkward  combination  thus  produced  becomes  a  permanent  part  of  the  synonomy. 
But  it  involves  the  possibility  that  several  different  objects  may  have  the  same  combination  through- 
out. Some  papers  are  so  burdened  with  these  names,  falsely  supposed  to  obviate  the  objection  of 
nomina  nuda  or  of  undue  definiteness,  that  it  becomes  necessary  to  number  them  and  refer  to  them 
asNos.  1,  2,  3,  etc.,  or  even  to  count  the  lines  on  the  page  where  the  particular  one  in  question  is 
mentioned  and  refer  to  them  in  this  way.  If  they  are  not  described  they  are  nomina  nuda,  and  if 
described  they  are  names,  and  must  be  identified  m  some  way.  The  evils  of  this  practice  have  become 
so  great  that  it  might  almost  be  given  as  a  rule  that  if  a  form  is  worth  mentioning  at  all  it  is  worth 
a  specific  name. 

In  view  of  the  above  I  have  given  names  to  most  such  objects  treated  in  this  paper,  and  the  name 
here  employed  is  justified  by  Professor  Fontaine's  comparison  of  it  with  Heer's  genus  Phoenicopsis. 

^I  have  not  attempted  in  this  paper  to  classify  the  Coniferae  according  to  the  latest  systems,  but 
have  left  the  arrangement  substantially  as  Professor  Fontaine  drew  it  up.  The  forms  enumerated, 
however,  embrace  not  only  the  families  Taxaceso  and  Pinaceae  but  also  the  class  Ginkgoales. 
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Genus  ARAUOARITES  Presl. 
Araucarites  wyomingensis  n.  sp. 

PI.  CLXIII,  Figs".  1-9. 

A  number  of  cone  scales  and  seeds  were  found  in  the  lower  strata  of 
the  Hay  Greek  Lower  Cretaceous  series  which  seem  to  belong  to  a  new 
species  of  conifer  closely  resembling  Araucaria.  The  fossils  occur  as 
cone  scales  and  seeds  on  the  horizon  150  feet  above  the  Jurassic,  at  the 
cliff  on  the  north  side  of  the  valley  of  the  South  Fork  of  Hay  Creek. 
A  cone  scale  (PI.  CLXIII,  Fig.  7)  was  discovered  with  traces  of  a  seed 
on  it  at  the  contact  of  the  Cretaceous  with  the  Jurassic,  at  the  bed 
of  shales,  Lon  Cottles's  ranch;  also  a  number  of  detached  seeds  (PI. 
CLXIII,  Figs.  1-6,  8,  9).  Some  seeds  attached  to  scales  and  some 
scales  without  seeds  were  found.  These  fossils  form  pretty  much  all 
that  were  obtained  from  this  locality.  Some  of  the  seeds  and  scales 
are  remarkably  well  preserved,  and  show  very  well  the  relation  of  the 
seeds  to  the  scales,  as  well  as  the  form  of  the  latter.  The  scales,  like 
those  of  the  true  Araucaria,  were  evidently  very  deciduous,  for  no 
indication  was  found  of  their  attachment  to  an  axis.  Both  the  seeds 
and  the  scales  vary  a  little  in  shape,  which  is  no  doubt  due  to  distor- 
tion from  pressure.  The  seeds  are  hard  and  bony  or  nut-like  in  struc- 
ture, and  have  an  ovate-cuneate  to  nearly  cuneate  form.  They  are  4  to 
5  mm.  long,  and  have  a  width  of  o  to  3.5  mm.  in  their  widest  portion. 
The  forms  of  these  seeds,  differing  somewhat  in  shape,  are  given  on  PI. 
CLXIII,  Figs.  1-9.  Fig.  1  (enlarged  2  diameters  in  Fig.  2)  gives  the 
most  common  and  normal  form.  This  seed  shows  on  its  margin  a  rem- 
nant of  the  cone  scale  to  which  it  was  once  attached.  Fig.  3  (enlarged 
2  diameters  in  Fig.  4)  shows  a  seed  somewhat  larger  and  narrower  than 
that  given  in  Fig.  1.  Fig. 5  (enlarged  2  diameters  in  Fig.  6)  gives  a  shape 
that  is  more  ovate  than  the  normal,  more  enlongated,  and  narrower 
proportionally  than  common.  This  shape  nears  that  of  Carpolithus 
fceiiarius,  described  below,  and  suggests  the  idea  that  this  latter  may 
be  an  abnornuil  form  of  the  Araucarites  now  being  described.  These 
variations  are  most  probably  due  to  distortion  from  i)ressure. 

The  cone  scales  are  strikingly  like  those  of  Araucaria.  They  are 
broadly  cuneate  in  outline,  and  leaving  out  their  terminal  part,  are  not 
unlike  the  seeds  borne  on  them.  In  their  widest  porti(m  they  are  about 
9  mm.  wide.  Including  their  beak-like  tips,  they  have  a  length  of  about 
12  mm.  Their  free  ends  or  summits  are  thickened  and  carry  a  beiik  like 
I)rqjecti()n,  as  in  Araucaria.  They  sliow,  as  miglit  be  expected,  more 
distortion  from  pressure  than  do  the  seeds.  They  were  api)arently 
leathery,  firm  in  texture,  and  very  durable.  Fig.  7  shows  a  cone  scale 
that  has  indications  of  the  thickening  at  its  summit.  Fig.  8  (enlarged 
2  diameters  in  Fig.  9)  gives  the  most  comi)lete  and  nndistorted  sctale- 
fonnd.    It  lias  a  seed  partly  embedded  in  its  surface,  and  tin's  embed 
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ding  of  the  seed  in  the  inner  surface  of  the  scale  appears  to  have  been 
the  normal  mode  of  attachment  of  the  seed  to  the  cone  scale.  Judging 
from  this  specimen  the  seeds  were  borne  singly  under  each  scale,  em- 
bedded in  its  inner  surface.  They  were  flattened,  and  in  shape  resem- 
bled the  scale  to  which  they  were  attached.  These  features  remind  one 
strongly  of  the  cones  of  Araucaria  Cunninghamii  Aitou,  the  Moreton 
Bay  pine,  which  contains  similar  seeds  in  the  same  way  in  its  cone  scales. 

Araucarites  cuneattjs  Ward  n.  sp.^ 

PI.  CLXIII,  Fig.  10. 

This  is  a  single  cone  scale  found  at  John  Barr's  tunnel,  on  the  hori- 
zon 150  feet  above  the  top  of  the  Jurassic.  It  is  too  poorly 'preserved 
and  there  is  too  little  material  to  enable  one  to  fix  the  character.  It  is, 
however,  a  cone  scale  of  some  Araucarites,  and  it  is  clearly  a  different 
species  from  Araucarites  wyomingensis,  for  it  is  much  longer  than  any 
of  the  cone  scales  of  that  plant,  and  it  tapers  more  gradually.  It  is 
spatulate-cuneate  in  form,  rounded  at  the  free  end,  and  widest  here, 
having  the  width  of  9  mm.  in  this  portion.  It  is  2  cm.  long  and  tapers 
very  gradually  to  the  end  by  which  it  was  attached,  where  it  shows  a 
width  of  2  mm.  It  shows  no  trac'e  of  a  beak  at  the  free  end,  and  none 
of  a  seed,  as  it  has  evidently  suffered  from  maceration. 

Genus  PIXUS  Linnaeus. 
Pmus  susQUAENsis  Dawson. 

PI.  CLXIII,  Figs.  11a,  12,  13. 

1883.  Fitius  susquaensis  Du. :  Traus.  Roy.  Soc.  Can.,  Sec.  IV,  Vol.  I,  p.  23,  pi.  iii, 
fig.  36. 

Sir  William  Dawson,  in  his  paper  on  the  Cretaceous  and  Tertiary 
Floras  of  British  Columbia  and  the  Northwest  Territory  (1883)  and  on 
the  Mesozoic  Floras  of  the  Eocky  Mountain  Kegions  of  Canada  (1885), 
p.  9,  pi.  ii,  figs.  6,  6a,  has  described  very  narrow  and  long  Pinus  leaves, 
which  he  has  named  P.  susquaensis.  Fragments  of  precisely  similar 
leaves  occur  mostly  in  the  lower  strata  of  the  Hay  Creek  Lower  Creta- 
ceous. This  gives  another  connecting  link  with  the  Kootanie  flora. 
The  specimens  found  in  the  Hay  Creek  beds  are  much  more  imperfect 
than  those  described  by  Sir  William  Dawson.  They  are  never  found 
entire  or  grouped,  but  are  fragments  sufficient  to  show  that  they  must 
have  been  quite  long.  Their  fragmentary  and  scattered  condition  indi- 
cate that  they  must  have  drifted  some  distance.  It  is  not  always  easy 
to  distinguish  leaves  like  these  from  those  of  Leptostrohus  longifolkis^ 
which  they  much  resemble,  especially  when  no  nerves  are  visible.  The 
possession  of  a  midnerve,  when  this  is  visible,  is  decisive.  Otherwise 
the  decidedly  greater  thickness  and  rigidity  of  the  Pinus  leaves  points 


1  Professor  Fontaine  did  not  give  this  a  specific  name,  and  I  have  supplied  it  on  the  principle  stated 
in  the  last  footnote.   It  is  perhaps  better  than  to  reject  it  altogether. 
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to  their  presence.  The  Hay  Creek  leaves  are  one-nerved,  about  1  mm. 
wide,  quite  thick  and  rigid.  They  occur  on  the  horizon  100  feet  below 
the  Dakota  sandstone,  in  small  bits,  which  are  rather  rare  and  of 
doubtful  character.  They  may  be  leaves  of  Leptostrobus,  which  by 
wrinkling):  from  pressure,  api)ear  to  have  a  midnerve.  The  locality 
showiug  these  doubtful  forms  is  the  cliff  on  the  north  side  of  Pine 
Creek,  where  a  multitude  of  Leptostrobus  leaves  occur  with  them. 

On  the  horizon  150  feet  above  the  tlurassic,  at  the  shales  under  the 
third  sandstone,  Barrett,  it  is  more  certainly  shown  still,  however,  in 
rather  rare  and  small  fragments.  These  are  thick  in  texture,  one-nerved, 
and  rigid.  On  the  horizon  50  feet  above  the  Jurassic,  at  the  carbona- 
ceous shales,  Webster's  ranch,  it  is  quite  common  in  pretty  large,  well 
characterized  fragments. 

The  specimen  figured  in  PI.  CLXIII,  Fig.  11a  is  from  the  clift'  on  the 
east  bank  of  Oak  Creek;  that  in  Pig.  12  is  from  the  shales  under  the 
third  sandstone  above  the  coal  at  Barrett,  and  the  large  leaves  shown 
in  Pig.  13  are  from  the  clift*  on  the  east  bank  of  Oak  Creek,  2  miles  below 
Kobbin's  ranch. 

Genus  ABIETITES  Hisiuger. 
Abietites  ANausTiCARPUS  Pontaine. 

PL  CLXIII,  Fig.  14. 

1889.  Ahietites  anguaticarpus  Font. :  Potomae  Flora,  Mou.  U.  S.  Geol,  Survey,  Vol. 
XV,  p.  263,  pi.  cxxxiii,  fig.  1. 

A  specimen  of  a  narrow  cone  was  found  on  the  horizon  60  feet  below 
the  Dakota  sandstone,  at  the  clift'  in  the  east  bank  of  Oak  Creek. 
This  is  apparently  identical  in  species  with  the  cone  of  a  similar  char- 
acter found  in  the  Lower  Potomac  of  Virginia  and  described  as 
Ahietites  angusticarpus  in  Mon.  U.  S.  Geol.  Survey,  Vol.  XV,  p.  263, 
pi.  cxxxiii,  lig.  1.  It  has  the  same  form  with  the  Potomac  plant  and 
the  same  kind  of  cone  scales,  which,  in  their  lower  i)ortions  at  least, 
are  thin  and  at  the  same  time  are  closely  imbricated. 

Genus  LEPTOSTROBUS  Heer. 
Leptostrobus  lonoifolius  Fontaine. 

PL  CLXIII,  fig.  15;  PI.  CLXV,  Fig.  3. 

1889.  Leptostrobus  longilbliiis  Font.  :  Potomac  Flora,  Mon.  II.  S.  Geol.  Survey,  Vol. 

XV,  p.  228,  1)1.  ci,  fi<;s.  2,  3;  \)].  cii,  figs.  1-4;  j)].  ciii,  figs.  6,  Ga-e,  7,  7a,  8, 
Sa,  0,  10,  10a,  11,  12;  pi.  civ,  fig.  6. 

This  species,  described  by  the  writer  from  the  Lower  Potomac  of 
Virjrinia  in  Mon.  U.  S.  (lool.  Survey,  Vol.  XV,  ])]).  228-230,  is  one  of 
the  most  common  i)lants  in  Professor  Jenney's  division  No.  2,  of  tiie 
Hay  Creek  beds.  Hardly  a  specimen  at  some  localities  is  found  with- 
out imprints  of  fragments  of  tlie  leaves,  and  on  some  frajiinents  of 
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rocks  they  are  piled  upon  one  another.  It  is  not  found  at  all  below  the 
horizon  100  feet  beneath  the  Dakota  sandstone.  With  only  one  proba- 
ble exception  the  leaves  are  found  unattached  to  a  stem.  They  occur 
mostly  as  scattered  fragments  and  show  neither  base  nor  summit.  In 
cases  where  the  specimens  are  very  numerous  and  lie  one  upon  another 
there  is  no  means  of  determining  the  original  length  of  the  leaves. 
They  must,  however,  have  been  very  long,  for  some  of  the  fragments 
are  8  cm.  long.  The  texture  was  thin,  a  good  deal  thinner  than  that 
of  the  leaves  of  Pinus.  This  thinness  of  texture  and  the  absence  of  a 
midnerve  are  the  most  obvious  differences  between  this  x)lant  and  Pinus. 

This  plant  occurs  on  the  horizon  100  feet  below  the  Dakota  sandstone 
at  the  cliff  on  the  north  side  of  Pine  Creek,  which  furnished  the 
specimens  figured  on  PI.  CLXIII,  Fig.  15,  and  PI.  OLXY,  Fig.  3. 
Here  it  is  the  most  common  plant,  scattered  leaves  occuring  on  nearly 
all  the  specimens,  while  on  some,  they  are  piled  up  or  matted  together. 
They  occur  more  rarely  on  the  same  horizon,  at  the  cliff  on  Oak  Creek, 
at  Bobbin's  ranch.  On  the  horizon  60  feet  below  the  Dakota,  at  the 
cliff  on  the  east  bank  of  Oak  Creek,  they  are  found  also,  but  not  very 
abundantly.  The  leaves  are  mostly  1  mm.  wide,  rarely  attaining  the 
width  of  1.5  mm.  Most  of  the  best  preserved  imprints  show,  with  the 
hell)  of  a  good  lens,  a  varying  number  of  fine  parallel  nerves,  looking 
like  striae,  up  to  the  number  of  6,  which  is  probably  the  true  number. 
Some,  however,  of  the  exceptionally  well  preserved  imprints  with  the 
same  help  disclose  two  comparatively  strong  parallel  nerves,  one  near 
each  margin  with  a  flat  space  between,  in  which  fine  nerves  like  those 
shown  on  most  of  the  leaves  are  visible  up  to  about  4  in  number.  Heer 
in  Fl.  Foss.  Arct.,  Vol.  YI,  Abth.  I,  Pt.  I  (Nachtrage  zur  Juraflora 
Sibiriens)  p.  25,  has  given  these  last-named  characters  for  some  of  the 
leaves  of  his  Leptostrohus  rigida.  The  character  given  by  Heer  was 
not  seen  in  any  of  the  leaves  of  the  Lower  Potomac  of  Virginia,  no 
doubt  because  none  of  these  were  as  well  preserved  as  are  some  of 
the  Hay  Creek  specimens.  The  fact  that  some  only  of  the  Hay  Creek 
leaves  show  the  two  stronger  nerves  seems  to  indicate  that  these  are 
visible  as  such — that  is,  as  prominent  veins — only  on  the  under  side  of 
the  leaves,  whereas  on  the  upper  side,  if  seen  at  all,  they  apx)ear  as 
fine  nerves.  On  some  of  the  best  preserved  imprints,  with  the  help  of 
a  lens,  these  stronger  nerves  appear  to  be  formed  by  the  close  apjirox- 
imation  or  consolidation  of  several  fine  nerves. 

One  of  the  specimens  from  the  cliff  on  the  north  side  of  Pine  Creek 
shows  a  great  number  of  leaf  fragments,  and  among  them  a  number  con- 
verging so  as  to  appear  to  form  or  be  attached  to  a  short  twig.  This  is  a 
feature  seen  in  some  of  the  Lower  Potomac  specimens.  From  the  great 
number  of  leaf  fragments  in  some  cases,  and  from  the  almost  total 
absence  of  attachments  of  these,  they  must  have  been  quite  deciduous. 
From  the  additional  facts  found  in  the  Hay  Creek  specimens  we  may 
amend  the  description  of  the  species  given  in  Mon.  U.  S.  Geol.  Survey, 
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Vol.  XY,  as  follows:  Leaves  tbiii  in  texture,  showiug  on  the  upper  sur- 
face, with  the  help  of  a  lens,  tine  parallel  nerves  up  to  6  in  number;  on 
the  under  surface  2  stronger  parallel  veins  and  between  them  fine 
nerves  up  to  4  in  number. 

It  seems  to  the  Avriter  that  some  Lower  Cretaceous  plants  described 
under  other  names  should  be  identified  with  this  species.  Ileer  has 
described  as  Pinus  Petcrseni  in  Fl.  Foss.  Arct.,  Vol.  I,  Kreidefiora,  p.  84, 
pi.  xliv,  fig.  10,  a,  b,  leaves  which  he  gives  as  being  thin  in  texture, 
about  1  mm.  in  width,  although  in  fragments  showing  considerable 
length  and  having  several  nerves — in  a  word,  as  having  most,  if  not 
all,  of  the  characteristic  features  of  Leptostrohus  longifolins.  This 
plant,  coming  from  the  Kome  beds  of  Greenland,  is  most  probably 
Leptostrohus  longifoUm.  Heer  gives  as  CzekanoicsMa  dichotoma^  also 
from  the  Kome  beds,  leaves  which  he  describes  in  Fl.  Foss.  Arct.,  Vol. 
VI,  Abth.  II,  Flora  der  Kotneschichten,  j).  14,  pi.  ii,  fig.  12b,  pi.  iii,  fig. 
1,  and  which  he  identifies  with  his  Sderophyllina  dichotoma.  It,  how- 
ever, in  its  leaves  appears  a  more  delicate  plant  than  S.  dichotoma^  and 
with  narrower  forms.  The  leaves  do  not  appear  to  fork  at  all,  the 
apparent  forking,  as  given  by  Heer,  being  due  to  the  fact  that  the  ends 
of  some  of  the  apparent  branches,  really  independent  leaves,  are  hid- 
den by  the  other  superposed  leaves.  The  leaves  of  this  specimen  are 
exactly  like  those  of  Jjeptostrobus  longifolins  in  their  general  character 
and  their  arrangement  on  the  stem,  as  shown  in  Ileer's  pi.  iii,  fig.  1, 
and  much  like  some  of  the  forms  of  this  species  shown  in  the  Potomac 
specimens,  for  example,  those  in  pi.  cii,  figs.  1,  2,  of  the  Potomac  flora. 

Leptostrobus  ?  ALATUS  Ward  n.  sp.  ^ 

PI.  CLXIII,  Figs.  16,  17. 

A  small  winged  seed  was  found  on  the  horizon  100  feet  below  the 
Dakota  sandstone,  at  the  cliff  on  the  north  side  of  Pine  Creek.  It 
reminds  one  of  the  winged  seed  obtained  from  the  Brown  Jura  and 
assigned  by  Heer  to  Leptostrobus  (see  Fl.  Foss.  Arct.,  Vol.  VI,  Abth. 
I,  Pt.  I,  Xachtriige  zur  Juraflora  Sibiriens,  p.  23).  The  seed  now  in 
question  is  about  4  mm.  long  and  less  than  2  mm.  in  width.  It  is 
elliptical  in  shape  and  appears  to  retain  only  a  portion  of  the  wing, 
showing  on  the  left-hand  upper  portion  a  part  of  it  in  the  form  of  an 
elliptical  projection  like  a  beak.  The  seed  is  entire,  but  the  appendage 
is  too  poorly  preserved  to  give  any  reliable  indication  of  its  true  char- 
acter. Its  true  position  is  (^uite doubtful,  but  it  may  provisionally,  and 
for  the  sake  of  a  name,  be  placed  with  Leptostrobus.  LepUtstrobus 
longifoHus  is  the  most  common  fossil  at  this  locality. 

'  No  specitir  name  was  given  by  Prolessor  I'onfaint;  to  this  seed.  I  have  tlierefore  employed  tiie 
leading  character  in  a.s.signing  it  a  name. 

19  (rEOL,  VT  2  4.3 
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Genus  ATHROTAXOPSLS  Foutaine. 
Athrotaxopsis  tenuicaulis  Fontaine. 

PI.  CLXIV. 

1889.  Athrotaxopsis  tenuicaulis  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol. 

XV,  p.  241,  pi.  cxiv,  figs.  4,  4a,  5 ;  pi.  cxv,  figs.  4,  4a ;  pi.  csvi,  fig.  6;  pi.  cxvii, 
figs.  2,  2a. 

In  Professor  Jennej^'s  division  l^o.  2  of  the  Hay  Creek  beds  are  found 
some  si)ecimens  of  a  conifer  that  agree  well  with  Athrotaxopsis  tenui- 
caulis as  described  by  the  writer,  from  the  Lower  Potomac  of  Virginia, 
in  Mon.  U.  S.  Geol.  Survey,  Vol.  X  Y,  p.  241.  The  fossils  are  in  the  form 
of  fragments  of  alternate  twigs  of  varying  length,  as  shown  on  PI. 
CLXIV,  Figs.  1-3.  The  thickness  of  these  will,  on  an  average,  some- 
what surpass  the  average  of  the  Potomac  Athrotaxopsis  tenuicaulis  and 
will  lie  between  it  and  that  of  A.  granclis.  This,  however,  does  not 
seem  to  indicate  a  new  species,  but  rather  a  more  vigorous  habit  of 
growth  for  the  Hay  Creek  plants,  a  feature  shown  also  in  the  Sequoia 
ReichenhacM.,  from  these  strata.  In  the  Hay  Creek  beds  Athrotaxop- 
sis tenuicaulis  occurs  on  the  horizon  100  feet  below  the  Dakota  sand- 
stone rather  commonly,  but  in  small  fragments  at  the  cliff  on  the  north 
side  of  Pine  Creek.  On  the  horizon  60  feet  below  the  Dakota  sand- 
stone it  occurs  not  very  commonly,  but  in  well-preserved  large  twigs 
at  the  cliff  in  the  east  bank  of  Oak  Creek,  from  which  all  the  speci- 
mens here  figured  were  obtained.  One  of  the  specimens  bears  a  cone, 
represented  by  Fig.  4  of  the  same  plate. 

Genus  SEQUOIA  Endlicher. 
Sequoia  Reichenbachi  (Geinitz)  Heer. 

PI.  CLXV,  Figs.  1,  2;  PI.  CLXVI,  Fig.  1. 

1842.  Araucarites  Reichenhachi  Gein. :  Characteristik  d.  Scliichten  u.  Petrefacten  d. 

sachs.-bohm.  Kreidegebirges,  Heft  III,  p.  98,  pi.  xxiv,  fig.  4. 
1849.  Araucaria  Beichenhachi  (Gein.)  Debey:  Entwurf.  z.  einer  geogn.-geogenet.  Dar- 

stellung  d.  Gegend  v.  Aachen,  pp.  63,  64  (Nacbtrage). 
1868.  Sequoia  JReichenbachi  (Gein.)  Heer:  Fl.  Foss.  Arct.,  Vol.  I,  p.  83,  pi.  xliii,  figs. 

Id,  2b,  5a,  5d,  5dd,  8,  8b.' 

Fine  leafy  branches  of  a  Sequoia,  having  all  the  characters  of  8. 
Reichenbachi,  occur  at  the  horizon  100  feet  below  the  Dakota  sand- 
stone, at  the  cliff  on  the  north  side  of  Pine  Greek,  along  with  the  cones 
that  i)robably  belong  to  the  same  species. 

At  the  horizon  60  feet  below  the  Dakota  sandstone,  at  the  cliff  in  the 
east  bank  of  Oak  Creek,  several  cones  of  a  similar  kind  are  found. 
These  latter  are  poorly  preserved,  but  they  retain  character  enough  to 
justify  identifying  them  with  cones  of  8.  Reichenhachi. 

'  The  synonomy  here  given  is  only  partial,  as  a  complete  one  would  involve  the  decision  of  a  num- 
ber of  knotty  questions,  for  which  this  is  obviously  not  the  place.  The  only  omission  that  concerns 
us  here  is  that  of  Geinitzia  cretacea  Endl.,  which  will  be  considered  a  little  later. 
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The  fiDe,  leafy  twigs  distinguislied  by  Professor  Jenuey  as  specimens 
A  and  B  are  the  most  complete  of  tlie  leafy  branches.  The  largest  of 
these,  specimen  A,  shows  a  portion  of  an  ultimate  twig  that  is  15  cm. 
long  and  3  mm.  wide.  It  has  a  number  of  the  characteristic  curving 
leaves  of  S.  Reieheiihachi ^  which  are  widest  at  base  and  narrow  at  their 
ends  to  an  acute  tip.  The  longest  of  these  were  10  cm.  in  length.  The 
leaves  that  are  retained  are  attached  laterally.  The  upper  face  of  the 
twigs  show  occasional  elongate  elliptical  scars  left  by  the  bases  of  the 
leaves  that  have  fallen  off. 

The  slab  marked  B  by  Professor  Jenney  has  been  photographed  and 
forms  PL  OLXY.  Fig.  1,  on  the  left,  shows  the  leafy  branch  above 
mentioned,  while  Fig.  2,  on  the  lower  right,  is  the  imprint  of  a  small 
cone  which  may  have  belonged  to  the  same  branch  or  individual.  All 
across  the  slab  lie  the  long  two-nerved  leaves  of  Leptostrohus  longi- 
folius ^ont.  (Fig.  3).  This  specimen  is  from  the  cliff'  on  the  north  side  of 
Pine  Creek,  100  feet  below  the  Dakota  sandstone  in  division  No.  -  of 
Professor  Jenney. 

The  hue  cone  given  in  PI.  CLXVI,  Fig.  1,  comes  from  the  same 
horizon  and  locality.  It  is  almost  certainly  the  cone  of  S.  Eeichenbachi^ 
for  it  has  attached  to  it  a  portion  of  the  twig  on  whose  summit  the 
cone  was  borne,  and  this  has  elliptical  scars  like  those  seen  on  the 
up])er  surface  of  leafy  branches  of  S,  Beichenbachi.  Besides,  it  agrees 
very  well  with  the  cones  griven  by  Heer  for  this  species  in  Fl.  Foss. 
Arct.,  Vol.  Ill,  Pt.  II  (Die  Kreide-Flora  des  Arctischen  Zone)  pi.  xx, 
figs,  la,  2,  3.  The  cone  scales  are,  however,  longer  than  those  of  Heer, 
probably  on  account  of  differences  in  the  mode  of  preservation.  Those 
of  Heer  seem  to  be  compressed  vertically,  while  in  the  Hay  Creek 
specimens  they  may  be  elongated  by  pressure. 

These  cones  are  comparatively  large  for  those  of  a  Cretaceous 
Sequoia.  With  the  scales  closed,  this  one  was  probably  broadly  ellip- 
tical in  shape,  having  a  length  of  30-35  mm.  and  a  maximum  thick- 
ness of  20-25  mm« 

Sequoia  gracilis  Heer. 

PL  CLXVI,  Fig.  2. 

1874.  Sequoia  (jracilis  Heer:  Die  Kreide-Flora  des  Arctischen  Zone,  K.  Sveusk.  vet.- 
Akad.,  Handl.,  A'ol.  XII,  No.  6  (Fl.  Foss.  Arct.,  Vol.  Ill,  Pt.  II),  p.  80,  \A. 
xviii,  fig.  Ic:  pi.  xxii,  figs,  la,  lb,  Ic,  2-4,  5a-e,  7,  8,  8b,  9,  10,  10b,  10c. 

Small,  round  cones  of  a  Sequoia  occur  sparingly  on  tbe  horizon  100 
feet  below  tlie  Dakota  sandstone,  at  the  (diff"  on  tlie  north  side  of  Pine 
Creek  and  at  the  cliff  on  the  south  side  of  Pine  Creek.  The  spc(;imens 
here  figured  were  obtained  at  the  latter  locality.  These  cones  are 
evidently  of  a  different  species  from  those  that  occur  with  them,  and 
which  I  have  identified  with  ^^equoia  Reichenbach i.  They  are  much 
smaller,  and  are  round  in  slnqx*.  One  of  them  is  depicted  in  Fig.  li,  PI. 
CLXA'I.  They  have  not  been  found  attached  to  any  leafy  branches, 
hence  tlie  character  of  the  leaves  with  which  tlicy  belong  can  not  be 
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determined.  In  size,  shape,  indeed  in  all  features,  they  agree  well 
with  the  cones  that  Heer  determines  as  those  of  S.  gracilis,  and  which 
he  depicts  in  Fl.  Foss.  Arct.,  Vol.  Ill,  Pt.  II,  pi.  xxii,  figs.  5a,  5h,  5d. 

Leafy  branches  of  Sequoia  gracilis  have  not  been  identified  by  the 
writer  from  the  Hay  Creek  strata,  but  the  plant  identified  with  Spheno- 
lepidiiim  parceramosum  is  not  uncommon  in  the  strata  containing  the 
cones  now  in  question.  The  leaves  and  twigs  of  this  are  so  much  like 
those  of  8.  gracilis  that  I  would  not  hesitate  to  identify  these  Hay  Creek 
fossils  with  it  were  it  not  that  the  leaves  contain  a  midrib,  whereas 
Heer  says  those  of  S,  gracilis  are  without  it. 

Sequoia  sp.  Fontaine  (immature  cone). 

PL  CLXVI,  Figs.  3,4. 

An  immature  cone  of  some  Sequoia  was  obtained  on  the  horizon  150 
feet  above  the  Jurassic,  at  the  cliff  on  the  north  side  of  the  valley  of 
the  South  Fork  of  Hay  Creek.  It  is  8  mm.  long,  6  mm.  wide,  and  nearly 
globular  in  form.  On  its  surface  it  shows,  rather  vaguely,  rhombic 
imprints  of  the  character  of  those  made  by  the  terminations  of  Sequoia 
cone  scales.  There  is  nothing  to  show  with  what  leafy  branches  it 
belongs.  It  is  shown  natural  size  on  PI.  CLXVI,  Fig.  3,  and  enlarged 
two  diameters  in  Fig.  4. 

Genus  GEIXITZIA  Endlicher.i 
Geinitzia  Jenneyi  n.  sp. 

PI.  CLXVI,  Figs.  5-11;  PL  CLXVII. 

Certain  remarkable  imprints  of  the  stems  of  a  conifer,  which  seems 
to  be  a  new  species  of  the  genus  Geinitzia,  are  found  in  Professor 
Jeuney's  division  No.  2  of  the  Hay  Creek  beds.  They  occur  in  smaller 
specimens  on  the  horizon  100  feet  below  the  Dakota  sandstone,  at  the 
cliff  on  the  north  side  of  Pine  Creek  (PI.  CLXVI,  Figs.  5-11),  and 
on  the  horizon  GO  feet  below  the  Dakota,  at  the  cliff  in  the  east  bank 
of  Oak  Creek,  in  larger  ones  (PI.  CLXVII).  The  stems  leaving  the 
imprints  were  fragments  of  much  larger  parts,  for  they  are  broken  at 
both  ends  and  show  no  appreciable  change  in  thickness  from  one  end 
to  the  other.  In  no  case  was  any  of  the  vegetable  matter  of  the  stem 
or  leaf  preserved,  but  all  the  fossils  are  in  the  form  of  flattened  molds 
of  the  stem.    The  molds  on  their  inner  surface  bear  imj)rints  in  the 

'  This  genus  -was  founded  by  Endlicher  in  his  Synopsis  Coniferarum,  1847,  p.  280,  to  include  certain 
forms  referred  by  Geinitz  to  Sedites  and  A.raucarites  and  by  Corda  to  Crj-ptomeria.  Among  the  for- 
mer was  the  Araucarites  Reichenbachi  of  Geinitz,  •which  Heer  in  18G8  identified  with  the  living  genus 
Sequoia,  of  which.  Endlicher  was  also  the  author.  Since  the  latter  date  this  well-known  fossil  plant 
has  been  almost  uniformly  called  Sequoia  Reichenbachi,  and  many  place  Endlicher's  Geinitzia  cretacea 
under  it  as  a  synonym.  Others  retain  the  older  forms  under  Geinitzia,  and  this  has  been  done  by  Pro- 
fessor Fontaine,  Avhile  still  recognizing  Sequoia  Reichenbachi.  It  Avill  be  allowed  1o  stand  thus, 
although  it  seems  to  me  that  the  retention  of  the  genus  Geinitzia  logically  carries  the  <S'.  Reichenbachi 
with  it  into  that  genus  as  the  type,  while,  on  the  other  hand,  the  recognition  of  ^S'.  Reichenbachi  logic- 
ally  abolishes  the  genus  Geinitzia. 
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inclosing  sliale,  which  are  the  reverse  of  the  markings  shown  on  the 
surface  of  the  stem.  The  molds  are  so  flattened  by  i)ressure  that  they 
are  almost  completely  collapsed.  In  splitting  the  shale  the  cleavage 
took  place  along  these  colla[)sed  molds,  so  that  the  im^jrint  on  the 
specimen  shows  the  inner  surface  of  more  or  less  than  one-half  of  the 
mold.  In  some  of  the  imprints  both  margins  of  the  half  mold  are  more 
or  less  x)reserved,  so  that  the  original  width  may  be  dete(;ted,  and  in 
some  places  a  narrow  portion  of  the  other  half,  next  to  the  margin,  is 
obtained,  so  that  one  can  get  an  idea  of  the  thickness  of  the  stem  after 
its  flattening.  When  we  take  into  consideration  the  considerable 
thickness  of  some  of  the  stems,  as  indicated  by  the  width,  the  amount 
of  compression  is  surprising.  ^lolds  having  a  width  of  15  mm.  sliow  a 
hollow  only  2  to  3  mm.  thick.  This  indicates  that  comparatively  old 
branches  were  still  soft  and  succulent.  On  one  of  these  flattened  molds 
may  be  seen  imprints  of  short  portions  of  the  basal  parts  of  a  number 
of  leaves.  These  leaves  were  a  portion  of  those  attached  to  the  stem 
on  the  parts  that,  in  the  crushing,  formed  the  margins  of  the  collapsed 
molds,  and  hence  were  in  the  most  favorable  position  to  be  preserved. 

The  stems. — In  describing  the  stems  I  will  give  first  the  character  of 
the  imprints  in  the  shale,  and  then  from  these  deduce  the  nature  of  the 
markings  on  the  stem  that  made  them. 

The  smallest  imprint  seen  of  what  seems  to  be  a  series  of  stems  of 
the  same  plant,  and  the  one  here  named  Geinitzia  Jeimeyi^  is  that 
depicted  in  Fig.  5  of  PI.  OLXVI  enlarged  two  diameters  in  Fig.  (}.  It 
is  35  mm.  long  and  4  mm.  wide,  being  made  by  a  fragment  of  what 
was  originally  a  much  longer  stem.  If  it  belongs  to  the  same  plant 
with  that  making  the  impressions  to  be  described  further  on,  then 
it  is  the  youngest  of  the  series.  The  imprints  of  the  leaf  scars  have 
considerable  interspaces,  but  still  are  pretty  thickly  set  on  the  imprint 
of  the  stem.  They  are  rhombic  in  form,  with  the  greater  dimensions 
in  the  direction  of  the  axis  of  the  stem.  Their  lateral  angles  are 
more  or  less  rounded  off'.  The  superior  angle  is  acute  and  the  inferior 
one  similar  in  form,  but  this  latter  is  generally  not  defined  well 
enough  to  be  seen.  Toward  the  ui)per  jjart  of  the  imprint  there  is  a 
vague  indication,  on  the  best  preserved  imprints,  of  a  furrow  run- 
ning in  the  direction  of  the  axis  of  the  stem,  with  a  pit,  as  if  made  by 
the  entrance  of  the  vascular  bundle  of  the  leaf.  If  these  imprints  were 
stretched  at  right  angles  to  the  axis  of  the  stem,  which  would  occur  in 
the  case  that  they  are  made  by  permanent  leaf  scars  on  stems  that 
increase  in  thickness,  tliey  would  graduate  in  shape  into  the  forms 
re])resented  on  PI.  CLXVII,  Figs.  1,  2. 

PI.  CLXVII,  Fig.  1,  depicts  the  largest  and  most  comi)letc  imprint 
found.  It  was  evidently  made  by  a  stem  that  was  much  larger  and 
longer  than  that  making  the  imi)rint  given  in  Fig.  5  of  PI.  CLXVI, 
and  ai)i)ai'(Mitly  was  correspondingly  older.  That  it  is  a  fragment  of  a 
much  haiger  stem  is  shown  ])y  the  tact  tliat  it  is  broken  short  off  at 
h()X\\  ends.  and.  althougli  10  cm.  long,  sliows,  from  one  end  to  the  other, 
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no  appreciable  deviation  from  a  widtb  of  15  mm.  This  is  tlie  imprint 
that  shows  traces  of  leaves  along  the  margins.  This  imprint  is  thickly 
set  with  depressions  made  by  leaf  scars.  These  imprints  of  leaf  scars 
are  more  closely  placed  and  much  larger  and  more  distinct  than  those 
of  PI.  CLXYI,  Fig.  5.  With  the  increased  thickness  of  the  stem^  the 
leaf  scars  seem  to  have  had  their  dimensions  at  right  angles  with  the 
stem  increased  more  than  those  in  the  direction  of  the  axis. 

The  imprints  of  the  leaf  scars  shown  on  this  specimen  are  deep  and 
very  distinct.  In  contour  they  are  approximately  rhombic,  with  the 
transverse  dimensions  slightly  greater  than  those  in  the  direction  of 
the  length  of  the  stem.  The  upper  margin,  however,  is  a  curve,  and 
the  lower  one  shows  a  more  or  less  obtuse  angle.  The  right  and  left 
ends,  or  lateral  angles,  are  acute  and  more  or  less  drawn  out  into  points 
that  are  directed  downward,  as  shown  in  Fig.  2  of  PI.  CLXVII,  which 
rex)resents  an  enlarged  and  restored  imprint.  Within  the  depressed 
area  forming  the  imprint  of  the  leaf  scar  there  is  a  boss  or  proturber- 
auce,  more  or  less  elliptical  in  shape,  with  its  major  axis  at  right  angles 
with  the  axis  of  the  stem.  This  boss  is  often  distorted  by  pressure,  and 
varies  then  somewhat  in  shape,  being  sometimes  even  round.  The  boss 
is  bounded  by  a  depressed  line  or  furrow  tliat  is  slightly  deeper  than 
the  rest  of  the  imprint.  From  the  right  and  left  ends  of  the  furrow  a 
similar  furrow,  one  on  each  side,  In  i)erfectly  formed  imprints,  runs 
toward  the  lateral  angles  of  the  imprint  of  the  leaf  scars.  But  these 
are  rarely  seen.  The  boss  is  placed,  not  centrally,  but  somewhat  nearer 
the  angle  of  the  lower  margin  of  the  imprint  of  the  leaf  scar.  As  indi- 
cated in  the  best  preserved  imprints,  the  original  and  normal  shape  of 
the  boss  and  of  the  furrow  which  bounds  it  and  determines  its  form 
was  approximately  that  of  the  entire  imprint — that  is,  rhombic — but  with 
the  difference  that  the  lower  angle,  instead  of  the  upper,  is  rounded 
out  more  or  less  into  a  curve.  However,  as  stated,  distortion  usually 
destroys  this  form.  There  are  sometimes  indications  that  the  central 
portion  of  the  boss  was  raised  into  a  sort  of  mamma  or  teat. 

The  imprint  given  in  Fig.  8  of  PI.  OLXYl  seems  to  have  been  made 
by  a  stem  older  and  larger  than  that  depicted  on  PI.  OLXYII.  Its 
width  is  about  15  mm.,  but  one  margin  is  not  preserved,  so  that  the 
imprint  does  not  show  the  true  size  of  the  stem.  The  imprints  of  the 
leaf  scars  here  are  larger  and  more  crowded  than  in  the  form  repre- 
sented on  PI.  CLXYII,  Fig.  1.  Owing  to  their  crowding,  their  upper 
margin  no  longer  shows  the  curvature  seen  in  that  figure,  but  tends  to 
become  angular,  giving  the  contour  more  truly  a  rhombic  shape.  The 
lateral  angles  are  more  rounded  off,  and  the  lower  angle  is  prolonged  to 
form  a  kind  of  tail,  as  represented  in  Fig.  9  of  PI.  CLXYI.  Between 
these  imprints  of  scars  there  are  no  interspaces,  as  were  still  to  be  seen 
on  the  specimen  figured  on  PL  OLXYII,  but  they  crowd  one  another. 
The  stem,  whose  imprint  is  depicted  in  Fig.  8  of  PI.  OLXYI,  must  have 
been  larger  than  that  figured  on  PI.  OLXYII,  for  it  shows  a  width  of 
15  mm.,  with  only  one  margin  preserved.  The  amount  of  woody  matter 
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in  the  stems  making  the  imprints  must  have  been  small,  for  in  the  speci- 
mens enough  of  the  mold  is  shown  to  indicate  that  it  was  flattened  to  a 
thickness  of  only  2  or  3  mm.  This  leads  us  to  infer  that  these  imprints 
could  not  have  been  made  by  cones,  and  that  if  by  stems  they  must 
have  remained  succulent  a  long  time. 

The  imprint  depicted  in  Fig.  10  of  PI.  CLXYI,  if  not  larger  than 
that  represented  by  Fig.  8,  seems  to  have  been  older.  As  one  margin  of 
the  imprint  is  not  shown,  we  can  not  determine  the  true  size  of  the  stem. 
The  imprint  of  the  stem  in  this  case  is  rather  more  than  15  mm.  wide. 
The  imprints  of  the  leaf  scars  are  larger,  more  crowded,  and  more  dis- 
tinct than  those  of  any  of  the  previously  described  specimens.  In  their 
shape  they  show  still  further  modiflcation.  The  upper  margin  is  more 
decidedly  angular,  the  tail  from  the  lower  angle  is  nearly  or  quite  oblit- 
erated and  the  imprints  are  more  elongated  transversely.  The  scar 
imprints  have  here  more  of  the  true  rhombic  form  than  any  of  those 
described  in  the  preceding  pages.  The  imprints  are  deep  and  very  dis- 
tinct. The  central  protuberance  is  more  distinct  than  any  of  the  others, 
and  the  furrows  running  from  its  right  and  left  ends  to  the  lateral  angles 
of  the  imprint  of  the  leaf  scar  are  deeper  and  more  sharply  defined  than 
in  any  others. 

The  imprints  described  in  the  preceding  account  are  seen  in  the  rock 
material  that  surrounded  and  entombed  the  original  stems.  The^^  are 
markings  imprinted  on  the  inner  surfaces  of  the  collai)sed  molds,  and 
of  course  in  character  they  are  the  reverse  markings  on  the  stems 
which  imprinted  them.  Convexities  on  the  surface  of  the  stems  form 
concavities  in  the  surrounding  sediment,  and,  vice  versa,  concavities 
correspond  to  convexities.  It  may  be  concluded,  then,  that  the  stems 
forming  these  fossils  had  on  their  surface  prominences  or  cushions 
approximately  of  rhombic  form,  but  varying  in  the  manner  described 
with  the  age  and  thickness  of  the  stem.  These  had  within  their  mar- 
gins a  rim  or  ridge,  also  approximately  rhombic  in  form,  and  this 
inclosed  a  depressed,  transversely  elongated  area  which  contained  a 
circular,  still  deeper  depression,  which  was  caused  by  the  entrance  of 
the  vascular  bundle  from  the  leaf  into  the  stem.  From  the  lateral 
angles  of  the  central  ridge  inclosing  the  depression  there  passed,  one 
on  each  side,  a  raised  line  or  ridge  to  the  lateral  angles  of  the  leaf  scar. 
These  cusliions  seem  to  have  been  permanent,  and  they  were  probably 
left  by  the  disarticulation  of  the  leaf  bases  from  the  stems,  like  the 
scars  of  Lepidodendron,  which  they  resemble  in  form.  They  seem  to 
have  grown  in  size  with  the  increasing  thickness  of  the  stem  which 
bore  them  and  to  have  become  more  crowded  and  pronounced  in  char- 
acter. A  comparison  of  the  imprints  depicted  in  the  figures  given  in 
the  i)receding  seems  to  show  that  they  were  made  by  stems  belonging 
to  the  same  species,  and  that  the  ditferences  in  their  forms  are  caused 
by  the  fact  that  the  scars  in  enlarging  with  age  increased  more  in  their 
dimensions  at  right  angles  to  the  axis  of  the  stems  th;in  in  the  direc- 
tion of  that  axis.    At  the  same  time  they  became  more  crowded. 
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The  leaves. — UnfortuDately,  no  imprints  of  entire  leaves  were  seen 
attached  to  the  fossils.  On  the  margins  of  the  imprints  given  on  PI. 
OLXYII  there  may  be  seen  imprints  of  small  portions  of  the  lowest 
parts  of  a  number  of  leaves.  These  imprints  indicate  that  the  leaves 
that  made  them  are  narrow,  curved  upward,  keeled,  pretty  thick  at 
their  bases,  and  very  rigid.  In  fact  the  imprints  are  such  as  would  be 
made  by  leaves  similar  to  those  which  Yelenovsky  gives  as  those  of 
Geinitzia  cretacea,  and  which  he  has  figured  and  described  in  Die  Gym- 
nospermen  der  bohm.  Kreideformation,  p.  15,  pi.  viii,  figs.  11, 12;  pi.  ix, 
figs.  1, 2.    The  leaves  referred  to  are  given  in  pL  ix,  fig.  1. 

At  first  sight  the  imprints  of  the  leaf  scars  look,  in  their  general  form, 
like  Brachyphyllum,  but  the  leaves  of  that  genus  have  a  boss  in  their 
center  instead  of  a  pit.  The  other  markings  also  are  too  regular  for 
those  of  Brachyphyllum,  and  are  not  of  the  same  i)attern.  The  imprints 
are  strikingly  like  those  made  by  the  terminal  surfaces  of  the  cone  scales 
of  some  Pinus,  but  to  make  them  the  scales  must  have  stood  at  right 
angles  with  tne  axis  of  the  cones.  This  is  true  of  the  cones  of  Geinitzia, 
which  are  also  long  and  cylindrical.  But  the  markings  on  the  terminal 
surfaces  of  the  cone  scales  of  Geinitzia  are  totally  different.  Besides 
it  would  seem  impossible  to  compress  any  cone  into  the  thinness  indi- 
cated by  the  molds,  especially  coiies  with  scales  at  right  angles  to  the 
axis.  The  forms  represented  in  Fig.  5  of  PI.  CLXYI  and  on  PI. 
CLXYII  are  obviously  impossible  for  cones.  Those  given  in  Figs.  8 
and  10  of  PI.  OLXYI  might  more  probably  pass  for  imprints  of  cones, 
but  they  are  clearly  made  by  portions  of  long  cylindrical  bodies,  too 
long  for  cones.  Then,  too,  the  impressions  on  these  are  clearly  essen- 
tially tbe  same  in  character  as  those  on  PI.  CLXYII.  Tlie  impressions 
made  by  the  leaf  scars  in  these  stems  are  so  strikingly  like  those  shown 
,  on  fig.  1,  pi.  ix,  of  Yelenovsky,  referred  to  above,  that  we  can  not  resist 
the  belief  that  if  not  of  the  same  genus  they  must  be  closely  allied  to 
it.  The  resemblance  between  YelenovskV's  fig.  1  and  Fig.  1  of  PI. 
CLXYII  is  essentially  strong,  extending  not  only  to  the  shape  of  the 
imprints  of  the  leaf  scars,  but  also  to  the  depression  within  it.  The 
same  gradation  in  shape  is  also  indicated.  The  younger  branches  of 
Geinitzia  cretacea^  as  given  in  \)\,  ix,  fig.  2,  of  Yeleuovsky's  work,  have 
the  rhombic  imprints  with  the  greater  dimensions  in  the  direction  of 
the  axis  of  the  stem,  as  in  Fig.  5  of  PI.  CLXYI.  Another  fact  that 
indicates  that  our  i)lant  is  nearly  allied  to  that  of  Yelenovsky  is  the 
number,  persistence,  and  distinctness  of  the  imprints  of  the  leaf  scars. 
I  know  of  no  conifer  except  Geinitzia  that  shows  these  features.  Heer's 
Geinitzia  for  mo  sa  shows  crowded,  jiersistent  rhombic  leaf  scars. 

Lesquereux,  in  his  Tertiary  Flora,  pi.  Ixi,  figs.  28,  29,  represents  steins 
with  crowded,  persistent  scars  of  what  he  calls  Sequoia  longifolia.  On 
pi.  Ixii,  figs.  15-18,  he  gives  representations  of  stems  with  similar  scars, 
which  he  calls  Sequoia  hiformis.  These  scars  closely  resemble  those  on 
our  PL  CLXYI,  Fig.  5.  On  pi.  vii,  in  tig.  19,  he  gives  a  smiilarly 
marked  stem  for  Ahietites  duhius.    All  of  these  plants  Schenk  states  he 
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regards  as  Geinitzia.  See  ZitteFs  Handbuch  der  Palseontologie,  Abth. 
II,  ]3p.  299-300.  Ou  pi.  vii,  of  the  above-cited  work  of  Lesquereux,  iu 
fig.  31,  there  is  a  representation  of  a  stem  of  what  he  regards  as  Pinns 
paUvostrohns  (Ett.)  Heer.  The  sears  on  this  are  strikingly  like  those 
on  the  older  stems  of  the  Hay  Creek  i^lant. 

The  resemblance  between  the  Hay  Creek  forms  and  Geinitzia  is  so 
strong  that  we  are  justified  in  placing  them  in  that  genus,  at  least  pro- 
visionally. As  Geinitzia  is  hitherto  known  from  no  strata  older  than 
the  Younger  Cretaceous,  it  may  be  found  that  our  plant  is  an  ancestral 
form  of  the  true  Geinitzia.  In  that  case  it  would  be  fittingly  named 
Geinitzites  JenneyL 

Genus  SPHEjS^OLEPIDIUM  Heer. 

Sphenolepidium  Kurrianum  (Dunker)  Heer. 

PI.  CLXYI,  Figs.  12,  13. 

184G.  Tliuites  {Ciipressiles?)  Knrrianus  Dunk. :  Monographie  d.  norddeutsch.  Wealden- 
bildung,  p.  20,  pi.  vii,  fig.  8. 

1846.  Lycopodites  ^  sp.  Dunk. :  Op.  cit.,  pp.  20,  8.5,  pi.  viii,  fig.  8. 

1847.  Widdr'nujtonites  Kurrianus  (Duuk.)  Endl.:  Synopsis  Coniferarum,  p.  272. 
1849.  Bracliyphyllum  f  Kurrianum  (Dunk.)  Brongn. :  Tableau,  p.  107. 

1852.  JViddriuf/touites  HaUVingeri  Ett.:  Beitrag  z.  Flora  d.  Wealdenperiode,  Abb.  d. 

k.k.  geol.  Reichsaust.,  Vol.  I,  Abth.  3,  No.  2,  p.  26,  pi.  ii,  fig.  1. 
1852.  Araucarili's  Dunkeri  Ett.,  in  pt. :  Op.  cit.,  p.  27,  pi.  ii,  fig.  10  (non  figs.  2-9). 

1870.  ?  Araucarites  hamatus  Trautscb. :  Der  Kliu'scbe  Sandstein,  Nouv.  Mdm.  Soc. 

Imp.  de  Moscou,  Vol.  XIII,  p.  225  (Livraison  3,  p.  37),  pi.  xxi,  figs.  3,  3a,  31),  3c. 

1871.  Sp>he}ioJepis  Kiirriana  {Duu\<..)  Scbenk  :  Foss.  Fl.  d.  nordwestdeutscb.  Wealden- 

formation,  Palaeontographica,  Vol.  XIX,  p.  243,  pi.  xxxvii,  figs.  5-8,  8a; 

pi.  xxxviii,  fig.  1  (non  fig.  2). 
1881.  Sphowlepidium  Kurriaimm  (Dunk.)  Heer:  Contr.  a  la  Fl.  Foss.  du  Portugal, 

Section  des  Travaux  goologiques  du  Portugal,  p.  19,  jil.  xii,  fig.  lb;  jil.  xiii, 

figs,  lb,  8b;  pi.  xvi,  fig.  5c;  pi.  xviii,  figs.  1-8  (excl.  figs.  5b,  5c). 
1881.  ?  Thtiitcs  Choffati  Heer,  in  pt. :  Op.  cit.,  p.  11,  pi.  x,  figs.  7,  8. 

Specimens  were  obtained  of  a  conifer  that  can  not  be  distinguished 
from  the  widely  diffused  Lower  Cretaceous  plant  Sphenolejndmm  Kur- 
riamim.  They  occur  on  the  horizon  100  feet  below  the  Dakota  sand- 
stone, at  the  cliff  on  the  north  side  of  Pine  Creek,  rather  commonly, 
and  sometimes  in  well  preserved  branching  specimens.  On  the  same 
horizon,  at  the  cliff  on  the  south  side  of  Pine  Creek,  and  the  cliff  of 
Oak  Creek,  at  Pobbin's  ranch,  the  fossils  are  rarer  and  not  so  well 
preserved.  The  best  specimens  are  found  on  the  horizon  00  feet  below 
the  Dakota,  at  the  cliff'  in  the  east  bank  of  Oak  Creek.  Here  some 
very  fine,  freely  branching  specimens  were  obtained.  The  scale-like 
leaves  of  this  plant  in  the  Hay  Creek*  beds  are  a  little  broader  than 
those  found  in  the  Potomac,  ])robably  indicating  a  more  luxuriant 
growth,  wliich  feature  is  seen  in  a  number  of  tlie  other  Hay  Creek 
plants. 

Th(i  specimen  represented  by  Fig.  VI  of  Fl.  CLW'l  is  from  tlic  clin 
on  the  nortli  side  of  Pine  Creek,  and  tliat  by  Fig.  13  from  the  shales  on 
the  south  side  of  Pine  Creek. 
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Sphenolepidium  parcerajmosum  Fontaine. 

PI.  CLXIII,  Fig.  lib;  PL  CLXVIII,  Figs.  1-3. 

1889.  Sphenolejndiiim parceramosum  Font.:  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey, 
Vol.  XV,  p.  257,  pi.  cxxix,  figs.  7,  7a,  7b;  pi.  cxxx,  figs.  8,  8a;  pi.  cxxxi, 
fig.  2. 

This  plant,  also  first  found  in  the  Lower  Potomac  of  Virginia,  occurs 
in  the  Hay  Creek  beds.  It  is  confined,  like  Sphenolepidium  Kurrlanum^ 
to  the  upper  member,  Jenney's  ^o.  2  of  the  Hay  Creek  Lower  Creta- 
ceous, and  occurs  mostly  with  that  plant  and  Sequoia  Eeichenhachi. 

It  is  found  on  the  horizon  60  feet  below  the  Dakota  sandstone,  at  the 
cliff  in  the  east  bank  of  Oak  Creek  (PI.  CLXIII,  Fig.  lib),  rather  com- 
monly, and  sometimes  in  fine  specimens.  On  the  horizon  100  feet  below 
the  Dakota,  it  is  found  at  two  localities:  Cliff  on  the  north  side  of  Pine 
Creek,  from  which  were  obtained  the  specimens  figured  on  PI.  CLXVIII, 
Figs.  1-3,  and  clifi'  on  the  south  side  of  Pine  Creek,  being  rather  com- 
mon at  the  first-named  locality  on  Pine  Creek. 

This  plant  was  described  by  the  writer  in  Mon.  U.  S.  Geol.  Survey, 
Vol.  XV,  pp.  257-258.  It  is  well  characterized  by  its  long,  sparingly 
branched,  slender  twigs,  thickly  clothed  with  leaves,  of  which  the  later- 
ally attached  ones  have  an  ovate  or  elongate  elliptical  shape  and  rather 
long  acute  tips.  They  also  have  a  midnerve.  The  leaves  of  this  plant 
are  in  shape  much  like  those  that  Heer  has  depicted  for  Sequoia  gracilis, 
but  are  generally  more  slender.  Were  it  not  for  the  midnerve  I  would 
conclude  that  it  is  that  Sequoia,  showing  only  a  varietal  difference. 
Heer,  however,  states  that  Sequoia  gracilis  has  no  midnerve  in  its  leaves. 
I  would  be  all  the  more  inclined  to  identify  it  with  this  Sequoia,  because 
small,  round  Sequoia  cones,  exactly  like  those  of  S.  gracilis,  occur  with 
it.  This  plant  is  highly  characteristic  of  the  upper  portion  of  the  Lower 
Potomac  strata,  such  as  is  found  near  Brooke  Station,  Virginia,  which 
group  is  called  by  Mr.  Ward  the  Aquia  Creek  series.  It  forms  another 
of  the  plants  that  indicate  a  similar  geological  age  for  the  Brooke  strata 
and  Jenney's  division  ^o.  2  of  the  Hay  Creek  beds. 

Genus  GLYPTOSTKOBUS  Endlicher. 
Glyptostrobus  brookensis  (Fontaine)  Ward. 

Pi.  CLXV,  Fig.  4  ;  PI.  CLXVIII,  Fig.  4. 

1889.  Taxodium  (Glyptostrohus)  brookense  Fout. :  Potomac  Flora,  Mon.  U.  S.  Geol. 
Survey,  Vol.  XV,  p.  254,  pi.  cxxii,  figs.  1,  la,  lb ;  pi.  cxxiv,  figs.  3,  3a,  4,  4a,  5,  6,  7, 
7a,  8,  9 ;  pi.  cxxxi,  figs.  5, 5a ;  pi.  cIxt,  figs.  1-3 ;  pi.  clxvi,  figs.  4,  4a,  7 ;  pi.  clxvii, 
fig.  3. 

1895.  Glyptostrohus  &rooA:ensis  (Font. )  Ward :  Fifteenth  Annual  Report  U.- S.  Geol. 
Survey,  pp.  359,  377,  380. 

Several  good  specimens  of  this  plant,  first  described  by  the  writer 
from  the  Lower  Potomac  of  Virginia  in  Mon.  U.  S.  Geol.  Survey,  Vol. 
XV,  p.  254,  occur  on  the  horizon  60  feet  below  the  Dakota  sandstone, 
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at  the  cliff  in  the  east  bank  of  Oak  Creek  (from  which  the  specimen 
here  figured  on  PI.  CLXVIII,  Fig.  4,  was  obtained),  along  with  Ath- 
rotaxopsis  tenuicaiilis  and  Spheiiolepidium  parceramosum.  It  occurs 
also,  but  rarely,  on  the  horizon  100  feet  below  the  Dakota  sandstone, 
at  the  cliff  on  the  north  side  of  Pine  Creek,  as  seen  in  faint  imx^res- 
sious  on  the  large  slab,  PI.  CLXV,  Fig.  4.  In  the  Lower  Potomac  of 
Virginia  this  form  is  highly  characteristic  of  the  upper  or  Brooke 
group.  Like  many  of  the  Hay  Creek  fossils,  the  twigs  of  this  conifer 
are  a  little  stouter  than  those  of  the  same  species  found  in  the  Lower 
Potomac.  The  leaves  also  diverge  rather  more  from  the  stem  than  do 
most  of  those  from  the  Potomac.  This,  however,  is  probably  due  to 
differences  in  the  modes  of  x)reservation. 

Genus  XAGEIOPSIS  Fontaine. 
Xageiopsis  longifolia  Fontaine? 

ri.  CLXVIIT,  Figs.  5,  6. 

1889.  Nageiopsis  longifolia  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol.  XV, 
p.  195,  pi.  Ixxv,  figs.  1,  la,  lb;  pi.  Ixxvi,  figs.  2-6;  pi.  Ixxvii,  figs.  1,  2;  pi. 
Ixxviii,  figs.  1-5;  i)l.  Ixxix,  fig.  7;  pi.  Ixxxv,  figs.  1,  2,  8,  9. 

In  the  Hay  Creek  series  detached  fragments  of  leaves  occur  that 
are  so  much  like  Xageiopsis  longifolia  that  they  may,  with  little  hesita- 
tion, be  identified  with  that  species.  N.  longifolia  occurs  in  the  Lower 
Potomac  of  Virginia,  in  some  fine  specimens.  It  was  described  by  the 
writer  in  Mon.  U.  S.  Geol.  Survey,  Vol.  XV,  p.  195.  The  distinctiv^e 
characters  of  Xageiopsis  as  com])ared  with  Podozamites  are  found  in 
the  basal  and  terminal  portions  of  their  leaves;  that  is,  the  characters 
that  may  be  seen  in  the  detached  leaf.  As  the  Hay  Creek  specimens 
nowhere  show  these  portions  of  the  leaves,  we  can  not  be  certain  tluit 
these  fragments  are  Xageiopsis;  but  the  texture,  shape,  size,  and  other 
features  of  the,fragments,  as  well  as  tlie  nervation,  agree  so  well  with 
N.  longifolia  that  the  identification  is  justified. 

Sir  William  Dawson,  in  his  paper  on  the  "  Mesozoic  fioras  of  the  Rocky 
Mountain  region  of  Canada"  (Trans,  Poy.  Soc.  Can.,  Sec.  IV,  Vol.  Ill),  p. 
6,  pi.  i,  fig.  3,  describes  a  plant  from  the  Kootanie  series  of  Canada 
which  he  identifies  with  Podozamites  lanceolafns.  This  is  in  most 
respects  mu(!h  like  Xageiopsis  longifolia,  being  the  termination  of  a 
leaf.  It  is  hardly  possible  that  this  Podozamites  has  ranged  all  over 
the  Xorthern  Hemisphere  in  its  geographical  distribution,  and  from  the 
Triassic  into  the  Lower  Cretaceous  in  its  geological  age.  Schenk's 
Zamites  Gopperti^  also  from  the  Urgonian  of  the  Wernsdorf  beds,  seems 
to  be  Xageiopsis  longifolia.  The  form  he  gives  in  Die  loss.  PHanzen 
der  Wernsdorfer  Schichten  ( Palaeoiit()gia])lii(":i.  Vo].  XIX),  pi.  iii,  tig. 
6  is  just  what  would  be  seen  in  V.  longi/'oli((  if  tlie  lower  surface  of  a 
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large  leaf  be  presented  uppermost,  so  tliat  the  stem  partially  hides  the 
insertions  of  the  leaflets. 

longifolia  occurs,  so  far  as  yet  seen,  only  at  the  horizon  150  feet 
above  the  Jurassic,  at  the  cliff  on  the  ilorth  side  of  the  valley  of  the 
South  Fork  of  Hay  Creek,  and  also  at  shales  under  the  third  sandstone, 
Barrett.  It  is  quite  common  at  the  former  locality  and  rather  rare  at 
the  latter. 

Both  the  specimens  figured  are  from  the  bed  of  shales  under  the 
third  sandstone,  50  to  100  feet  above  the  coal  at  Barrett. 

Nageiopsis  angustifolia  Fontaine? 

PI.  CLXYIII,  Fig.  7. 

1889.  Nageiopsis  angustifolia  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol. 

XY,  J).  202,  pi.  Ixxxvi,  figs.  8,  9;  pi.  Ixxxvii,  figs.  2,  2a,  3,  4,  5,  5a,  6,  6a;  pi. 
Ixxxviii,  figs.  1,  3,  4,  6-8;  pi.  Ixxxix,  figs.  2,  2a. 

A  single  leaflet  of  a  i)lant  that  appears  to  be  identical  with  Nagei- 
opsis angustifolia  occurs  on  the  horizon  150  feet  above  the  Jurassic,  at 
the  shales  under  the  third  sandstone,  Barrett.  This  species  was 
described  by  the  writer  in  Mon.  U.  S.  Geol.  Survey,  Yol.  XY,  p.  202. 
It  is  one  of  the  most  widely  diffused  species  of  the  Yirginia  Potomac 
formation.  Although  the  leaflet  is  well  characterized,  and  can  hardly 
be  anything  but  this  Nageiopsis,  I  do  not  make  the  identification  posi- 
tive, as  the  amount  of  material  is  so  small. 

Genus  BAIEROPSIS  Fontaine. 
Baieropsis  ADiANTiFOLiA  Fontaine. 

PI.  CLXVIII,  Fig.  8. 

1889.  Baieropsis  adiantifoUa  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey  Vol.  . 
XV,  p.  211,  pi.  xcii,  figs.  8,  8a,  9;  pi.  xciii,  figs.  1,  la,  2,  3;  pi.  xciv,  figs.  2,  3. 

Fragments"  of  detached  leaves  of  a  plant  which  seems  to  be  identical 
with  Baieropsis  adiantifoUa  occur  not  very  abundantly  in  the  Hay 
Creek  beds,  and  only  at  the  horizon  150  feet  above  the  Jurassic.  This 
plant  was  found  by  the  writer  in  the  Lower  Potomac  of  Yirginia,  and 
was  described  in  Mon.  U.  S.  Geol.  Survey,  Yol.  XY,  p.  211.  The  Poto- 
mac specimens  yield  some  forms  that  are  much  more  complete  than 
any  found  in  the  Hay  Creek  beds.  Still,  as  the  leaves  are  of  i^eculiar 
shape  and  have  a  lobing  not  found  in  any  others,  and  as  these  iDoints 
are  clearly  indicated  in  the  specimens  drawn,  there  does  not  seem  to  be 
much  room  for  doubt  that  the  Hay  Creek  forms  are  really  B,  . adianti- 
foUa. Most  of  the  Hay  Creek  specimens  do  not  show  the  margins  of 
the  leaves,  or,  indeed,  their  shape.  On  one  of  these,  however,  the  char- 
acteristic nervation  of  B.  adiantifoUa  was  visible.  This  nervation  is 
marked  by  fine  but  sharply  defined  and  closely  placed  nerves  that  fork 
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so  as  to  spread  in  a  fau-sliaped  iiiaiiDer.  In  the  specimen  figured  we 
have  a  more  comj^lete  fragment  of  a  leaf.  It  shows  enough  to  indicate 
that  the  shape  of  the  leaf  was  the  characteristic  one  of  the  species 
now  in  question,  and  it  has  in  addition  preserved,  in  the  right-hand 
lower  corner  of  the  leaf,  two  of  the  characteristic  lobes  and  teeth  of 
B.  adiantifoUa.  The  teeth  are  not  preserved  well  enough  to  show  the 
sj)ilve-like  tips  in  Avhich  they  terminate.  These,  however,  are  hardly 
ever  visible,  even  in  the  best  preserved  Potomac  specimens. 

In  the  Hay  Creek  beds  this  plant  occurs  in  a  considerable  number  of 
fragments,  at  the  clift'  on  the  north  side  of  the  valley  of  the  South  Fork 
of  Hay  Creek,  and  in  one  specimen  (that  here  figured)  at  the  shales 
under  the  third  sandstone,  Barrett. 

Baieropsis  pluripartita  Fontaine? 

PLCLXVIII,  Figs.  9-12. 

1889.  Baieropsis  pluripartita  Font.:  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol. 
XV.  p.  208.  pi.  Ixxxix,  fig.  4 ;  pi.  xc,  figs.  2,  2a,  3,  4,  4a,  5 ;  pi.  xci,  figs.  1,  3,  3a,  4,  7. 

Two  specimens  of  a  plant  that  is  much  like  Baieropsis  phiripartita 
were  found  on  the  horizon  100  feet  below  the  Dakota  sandstone,  at  the 
cliff  on  the  north  side  of  Pine  Creek.  B.  pluripartita  was  found  by  the 
writer  in  the  Lower  Potomac  of  Virginia  in  fine  specimens,  and  was 
described  in  Mon.  U.  S.  Geol.  Survey,  Vol.  XY,  p.  208.  While  the  Hay 
Creek  specimens  are  quite  fragmentary,  they  show  enough  to  strongly 
indicate  their  identity  with  the  Potomac  species.  We  may  rely  more 
fully  on  conclusions  drawn  from  a  small  amount  of  material  in  the  case 
of  such  leaves  as  this  than  where  leaves  are  concerned  that  belong  to 
a  type  common  to  many  different  plants.  Still,  as  we  have  only  two 
imperfect  specimens,  I  make  the  identification  doubtful. 

Genus  CZEKANOWSKIA  Heer. 
CzEKANOWSKiA  NERVOSA  Heer. 

Pl.CLXIX,  Figs.  1,  2. 

1881.  C:ekanoirski<(  nervosa  Heer:  Contr.  ;i  la  Fl.  Foss.  da  Portugal,  Sect,  de.s  Trav. 
(if  <>\.  (lu  Portugal,  p.  18,  pi.  xvii,  figs,  o,  oh,  6,  7a,  8,  10,  10b,  11,  lib. 

A  fossil  not  to  be  distinguished  from  Heer's  (\zeJcanoirs1da  )icrros((. 
first  found  in  the  VVealden  of  Portugal,  occnrs  in  the  lower  members 
of  the  Hay  Creek  series,  Lower  Cretaceous.  It  is  found  not  rarely. 
A  good  many  fragments  are  found  on  the  horizon  150  feet  above  the 
Jurassic,  in  shales  under  the  third  sandstone,  Barrett.  On  the  horizon, 
50  feet  above  the  Jurassic,  in  carbonaceous  shales,  Webster's  Ranch, 
it  is  common,  occurring  there  in  better  preserved  and  more  complete 
forms  tlian  at  the  higlier  horizons,  fhe  two  sj>ecim(Mis  fignred  were 
found  at  tliis  locality.    The  leaf  of  this  plant  is  of  the  Baiera  type, 
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and  1  think  it,  as  well  as  Heer's  plant,  is  a  true  Baiera.  Heer  describes 
his  forms  in  Oontr.  a.  la  Flore  Foss.  du  Portugal,  p.  18.  The  descrip- 
tion that  Heer  gives  applies  to  the  Hay  Creek  plant,  viz,  the  leaves  are 
divided  into  lacini^e  in  a  dichotomous  manner.  The  lacinise  are  from 
1  to  2  mm.  wide  and  have  several  nerves.  The  hgures  of  Heer  repre- 
sent that  the  leaf  had  at  base  a  single  narrow  lacinia,  and  this,  by 
repeated  dichotomous  subdivision,  gave  origin  to  the  leaf.  The  basal 
lamina,  as  in  the  Hay  Greek  i)lants,  probably  i)assed  downward  into 
a  petiole.  Heer's  figures  represent  the  laciniie  more  crowded  together 
and  looking  as  if  the  leaf  had  been  stretched  by  pressure  in  the  direc- 
tion of  its  length.  In  the  Hay  Creek  specimens  the  pressure  seems  to 
have  operated  to  spread  out  the  lobes.  Heer's  fig.  11  of  pi.  xvii  repre- 
sents the  specimen  of  his  plant  that  is  nearest  to  our  forms.  He  says 
of  the  nerves  of  his  plant  that  they  are  distinct,  but  in  the  Hay  Creek 
specimens  they  are  seen  with  difficulty.  Probably  this  distinction  is 
caused  by  differences  in  the  mode  of  preservation.  The  ultimate  lacinise 
of  the  Hay  Creek  plants  are  only  1  mm.  in  width,  and  it  is  possible  that 
the  subdivision  was  carried  further  than  was  seen. 

The  shale  of  the  two  localities  furnishing  this  j^lant,  although  given 
by  Professor  Jenney  as  separated  by  100  feet  of  strata  and  as  occurring 
at  different  places,  is  strikingly  alike,  being  very  fine  grained  and 
fissile,  the  substance  of  the  plant  peeling  off*  from  the  stone  like  paper. 
It  preserves  the  i^lants  well,  and  additional  collections  should  be  made 
from  it. 

Genus  CEPHALOTAXOPSIS  Fontaine. 
Gephalotaxopsis  MAGNiFOLiA  Foutaine. 

PI.  CLXII,  Fig.  lb;  PI.  CLXIX,  Figs.  3,  4. 

1889.  Ceplialotaxopsis  magnifoUa  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey, 
Vol.  XV,  p.  236,  pi.  civ,  tigs.  4,  5;  pi.  cv,  tigs.  1,  la,  lb,  2,  4;  pi.  cvi,  figs.  1, 
la,  3;  pi.  cvii,  figs.  1,  2,  4,  4a;  pi.  cviii,  figs.  1,  3,  4. 

Leaves  that  are  identical  with  those  of  Cephalotaxopsis  magnifoUa,  as 
described  in  Mon.  U.  S.  Geol.  Surv.,  Yol.  XT,  p.  236,  from  the  Lower 
Potomac  of  Virginia,  are  found  sparingly  on  the  horizon  150  feet  above 
the  Jurassic,  at  the  cliff*  on  the  north  side  of  the  Yalley  of  the  South 
Fork  of  Hay  Creek,  and  in  shales  under  the  third  sandstone,  Barrett. 
They  are  found  also  on  the  horizon  100  feet  under  the  Dakota,  at  the 
cliff'  on  the  north  side  of  Pine  Creek.  At  these  localities  they  are  by 
no  means  common.  With  the  larger  leaves,  corresponding  to  those  of 
C.  magnifoUa,  are  others  that  agree  better  with  those  of  C.  ramosa.  As, 
however,  none  of  the  leaves  are  attached  to  stems,  the  data  are  not  suf- 
ficient to  justify  their  separation  into  two  distinct  species.  The  prob- 
abilities, however,  are  that  two  species  are  present.  The  leaves  of 
Cephalotaxopsis  seem  to  liave  been  drifted  some  distance.  As  the  nut- 
like fruit  CarpoUthns  nioyitium-nigrorum  occurs  at  the  same  locality 
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with  these  leaves,  aud  as  this  is  much  like  C.  fasciculatus,  whicli  is 
found  in  the  Potomac  strata  with  many  fine  specimens  of  Oephalotax- 
opsis,  and  as  also  Cephalotaxus  has  similar  fruit,  it  is  probable  that 
this  Carpolithus  is  the  fruit  of  some  Cephalotaxopsis. 

The  specimens  represented  on  PI.  CLXII,  Fig.  lb,  and  PI.  OLXIX, 
Fig.  4,  are  from  the  north  side  of  the  valley  of  the  South  Fork  of  Hay 
Creek,  2h  miles  west  of  Barrett.  The  other  specimen  (PI.  OLXIX, 
Fig.  3)  is  from  the  shales  under  tLe  third  sandstone  above  the  coal  at 
Barrett. 

Male  Ament  of  a  Conifek. 

PI.  CLXIX,  Fig.  5. 

A  small  ament  Avas  found  on  the  horizon  150  feet  above  the  Jurassic, 
at  the  cliff  on  the  north  side  of  the  valley  of  the  South  Fork  of  Hay 
Creek,  which  is  probably  the  male  ament  of  some  conifer.  It  is  quite 
well  preserved,  and  shows  a  length  of  1  cm.,  with  a  width  of  4  mm., 
including  the  deflected  bracts.  The  form  is  cylindrical,  with  both  ends 
obtuse.  The  bracts  on  the  upper  face  are  mostly  removed,  being  taken 
off"  in  the  splitting  of  the  shale  along  the  plane  of  the  ament.  Hence 
the  axis  is  exposed  for  most  of  its  length.  It  is  comparatively  stout. 
The  lateral  bracts  are  preserved,  and  show  comparatively  long  and 
slender  tips,  which  are  strongly  deflected. 

St^ibdivisioi^  AIMOIOSPERIVIAE. 

Class  DICOTYLEDONE^  (Dicotyledons). 

In  the  Lower  Cretaceous  series  of  the  Hay  Creek  region  dicotyledons 
occur  only  in  the  highest  i^ortion  in  Professor  Jenney's  division  Xo.  2.. 
Ill  the  strict  confinement  of  this  type  of  vegetation  to  the  upper  portion, 
the  Hay  Creek  Lower  Cretaceous  differs  from  the  Lower  Potomac,  as 
shown  in  Virginia.  This  latter  formation  shows  in  its  older  j^ortion  a 
few  dicotyledons  of  peculiar  archaic  type,  unlike  anything  found  in  the 
Hay  Creek  Lower  Cretaceous,  or  in  that  of  any  region.  There  is,  how- 
ever, a  marked  resemblance  between  the  Hay  Creek  dicotyledons  and 
those  of  the  upper  Brooke  beds  of  the  Virginia  Potomac,  in  both 
cases  the  type  of  dicotyledons  is  more  modern  in  facies  than  the 
element  found  in  the  older  beds  of  the  Lower  Potomac.  At  present  it 
is  impossible  to  say  whether  or  not  there  is  really  a  difference  in  the 
occurrence  of  dicotyledons  in  these  two  widely  sei)arate(l  terranes  of 
Lower  Cretaceous.  The  collections  njade  thus  tar  in  the  Hay  Creek 
regi(m  are  very  scanty,  and  it  may  be  true  that  more  i)ersistent  search 
will  dis(;lose  di(;otyledons  of  ancient  tyi)e  in  the  lower  Hay  Creek  beds. 
It  is  from  these  Ix'ds  that  the  (tollcctions  are  most  scanty.  Conclusions, 
based  on  tin;  failure  to  find  certain  forms,  are  nt  best  uncertain,  and 
they  are  esjx'cially  so  w  hen  tlie  collections  can  not  he  taken  as  fairly 
representing  the  flora. 
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In  the  case  of  the  Hay  Creek  Lower  Cretaceous  flora  we  may  fairly 
conclude  that  dicotyledons  were  relatively  not  very  abundant  on  any 
horizon,  and,  granting  that  they  existed  in  the  time  of  this  deposition 
of  the  lower  beds,  they  formed  proportionally  a  much  smaller  element 
of  the  vegetation  than  during  the  era  of  the  formation  of  the  upper 
strata.  The  collections  shosv  that  even  iu  division  ^o.  2  the  ferns  and 
conifers  far  surpassed  the  dicotyledons.  The  case  is  very  different 
when  we  pass  above  No.  2  into  the  true  Dakota  formation.  Here  coni- 
fers, cycads,  and  ferns  become  insignificant  in  numbers,  and  dicotyle- 
dons attain  an  overwhelming  predominance.  The  facts  that  are 
indicated  by  the  Hay  Creek  dicotyledons,,  so  far  as  the  evidence  now 
attained  goes  to  show,  are  similar  to  those  made  out  from  the  study  of 
the  Lower  Potomac  beds.  Dicotyledons  of  modern  as])ect  appear  in 
some  force  in  the  upper  strata  of  the  Hay  Creek  Lower  Cretaceous,  but 
they  do  not  form  the  dominant  element  in  the  flora. 

FamHy  FAG-ACE^  (Beech  aiad  Oak  family-) 
Genus  QUERCOPHYLLUM  Fontaine. 

QUERC0PHYLLU3I  WYOMINaENSE  n.  Sp. 
P.  CLXIX,  Fig.  6. 

A  fragment  of  a  small  dicotyledonous  leaf  was  found  on  the  horizon 
100  feet  below  the  Dakota  sandstone,  at  the  cliff  on  the  north  side  of 
Pine  Creek.  The  fragment  shows  intact  the  left  side  of  the  base,  a 
lobe,  and  the  sinus  between  this  and  the  next  higher  lobe,  which  is 
only  partially  preserved.  The  indications  are  that  this  latter  is  similar 
in  character  to  the  lowest  lobe,  which  is  fully  preserved.  The  basal 
portion  of  the  leaf  is  rounded  off  and  i^asses  into  the  lowest  lobe  with 
a  considerable  convexity  in  the  margin  of  the  leaf.  The  lobe  that  is 
preserved  is  oblong,  with  an  elliptical-shaped  tip  that  is  turned  slightly 
outward  away  from  the  midrib.  One  of  the  primary  veins  of  the  leaf 
passes  into  this  lobe  to  its  tips.  The  sinus  between  this  and  the  next 
lobe  forms  a  narrow,  acute,  inverted  triangle.  A  similar  primary  nerve 
passes  into  the  second  partially  preserved  lobe.  The  upper  portion  of 
this  latter  lobe  and  of  the  leaf,  as  well  as  nearly  all  of  the  right-hand 
half  of  the  leaf,  are  wanting,  j^ot  enough  of  the  leaf  is  preserved  to 
fix  its  true  position.  It  may  belong  to  any  one  of  several  genera.  As, 
however,  it  seems  to  be  nearer  some  of  the  forms  of  Quercus  than  to  any 
other  genus,  I  place  it  provisionally  in  the  allied  genus  Quercophyllum. 
It  should  be  noted  that  it  has  the  facies  of  a  recent  type  of  leaf.  Its 
importance  as  a  fossil  lies  in  the  fact  that  it  is  distinctly  a  dycotyledon 
that  is  different  from  the  others  found  in  the  Hay  Creek  Lower  Creta- 
ceous, and  that  the  archaic  features  are  not  shown  in  it. 
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Family  XJILiMAOE.^::  (Elm  family). 
Genus  ULMIPH YLLUM  Fontaiue. 

UlMIPHYLLUM  DENSINERVE  11.  sp. 
PL  CLXIX,  Fig.  7. 

A  fragmeut  of  a  small  leaf  quite  different  from  the  other  Hay  Creek 
dicotyledons  was  found  on  the  horizon  100  feet  below  the  Dakota  sand- 
stone, in  the  Carbonaceous  shales  at  Rollin's  tunnel.  It  is  2  cm.  long 
and  11  mm.  wide,  with  but  little  variation  in  the  width  from  end  to  end. 
The  entire  leaf  was  probably  oblong  in  shape,  or  lanceolate.  The  leaf 
texture  seems  to  have  been  Arm  and  durable,  and  the  nerves  are  but 
faintly  shown.  The  midrib  is  slender.  The  secondary  or  lateral  veins 
go  off  from  the  midrib  almost  at  right  angles.  They  are  parallel,  placed 
at  equal  distances,  and  slightly  arched  in  the  middle,  with  their  ends 
directed  toward  the  end  of  the  leaf.  They  are  all  of  equal  strength 
and  are  placed  about  1.5  mm.  apart.  No  nervation  other  than  the  mid- 
rib and  lateral  veins  was  seen. 

The  general  aspect  of  this  leaf  is  much  like  that  of  a  fern  of  the 
Augiopteridium  type,  and  it  resembles  some  of  the  pinnules  of  Angiop- 
teridium  strictinerve,  as,  for  example,  that  given  in  Mon.  U.  S.  Geol. 
Survey,  Vol.  XY,  pi.  xxix,  fig.  8;  but  this  leaf  has  a  much  slenderer 
midrib,  and  the  lateral  nerves  do  not  fork.  Besides,  these  nerves  have 
the  appearance  of  the  nerves  of  a  dicotyledon  rather  than  of  a  fern. 

l^ot  enough  of  the  plant  has  been  found  to  determine  positively  its 
true  position.  It  may  belong  to  anyone  of  several  genera  of  dicotyledons. 
The  nerves  are  closer  than  is  usual  in  dicotyledons  of  this  type.  It  is 
perhaps  nearest  to  Ulmus,  and  I  place  it  provisionally  in  the  allied 
genus  Ulmiphyllum. 

Family  MORACEyE  (Mialberry  and  Fig  family). 
Genus  FICOPHYLLUM  Fontaine. 
FicoPHYLLUM  SERRATUM  Fontaine. 

PI.  CLXIX,  Fig.  8. 

1889.  Ficophyllnm  scrratum  Font. :  Potomac;  Floni,  Mon.  U.  S.  Geol.  Survey,  VoL  XV, 
p.       pi.  cxlv,  fig.  2;  pi.  cxlix,  fig.  9. 

Ficophyllnm  serratum  was  found  in  the  Lower  Potomac  of  Virginia 
and  described  by  the  writer  in  Mon.  TJ.  S.  Geol.  Survey,  Vol.  XV,  p.  294, 
pi.  cxlv,  fig.  2;  id.  cxlix,  fig.  1).  A  fragment  of  a  dicotyledonous  leaf 
was  obtained  in  division  No.  2  of  the  Hay  Creek  beds  that  so  strongly 
resembles  this  that  it  may  safely  be  identified  witli  it.  The  fossil  now 
in  question  occurs  on  the  horizon  (JO  teet  below  the  Dakota  sandstone, 
at  the  cliff  in  the  east  bank  of  Oak  Creek.    Only  one  specimen  was 
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found.  Tt  sliows  a  portion  of  the  lower  part  of  tlie  midrib  and  a  large 
part  of  the  right-hand  half  of  the  leaf.  The  fossil  indicates  a  leaf  of  the 
same  size  and  character  as  that  shown  on  pi.  cxlix  in.  fig.  9  of  Mon. 
U.  S.  Geol.  Survey,  Vol.  XY.  The  tendency  to  form  double  teeth 
seen  in  the  leaf  depicted  in  fig.  9  does  not  appear  here.  That,  how- 
ever, is  not  a  persistent  feature  in  the  Potomac  plant. 

Family  S APIND ACE.E  (Soapberry  faraily). 
Genus  SAPINDOPSIS  Fontaine. 
Sapindopsis  yariabilis  Fontaine, 

PL  CLXIX,  Fig.  9. 

1889.  Sa])indopsis  variabilis  Font. :  Potomac  Flora,  Mon.  U.  S.  GeoL  Survey,  Vol. 
XV,  p.  298,  pi.  cli,  figs.  1,  la;  pi.  clii,  figs.  1,  4,  4a;  pL  cliii,  fig.  3;  pL  cliv, 
figs.  2-4,  4a;  pL  civ,  figs.  2-5. 

Sa/pindopsis  variahilis  was  first  found  by  the  writer  in  numerous  well' 
preserved  specimens  in  the  upper  or  Brooke  group  of  beds  belonging 
to  the  Lower  Potomac.  It  is  described  in  Mon.  U.  S.  Geol.  Survey, 
Vol.  XV,  pp.  298-300.  It  is  highly  characteristic  of  the  upper  portion 
of  the  Lower  Potomac  in  Virginia,  and  great  numbers  of  its  fossils  are 
found  at  some  localities.  It  is  by  far  the  most  common  dicotyledon  at 
the  localities  where  it  occurs. 

Precisely  similar  leaves  occur  in  division  Ko.  2  of  the  Hay  Greek 
beds.  They  are  found  on  the  horizon  GO  feet  below  the  Dakota  sand- 
stone, at  the  cliff  in  the  east  bank  of  Oak  Greek,  where  it  is  the  most 
abundant  dicotyledon,  and  is  quite  common,  and  where  the  specimen 
here  figured  was  obtained.  It  is,  in  fact,  the  onlj^  abundant  dicotyledon 
in  the  Hay  Greek  Lower  Gretaceous.  It  occurs  also  on  the  horizon  100 
feet  below  the  Dakota  sandstone  at  the  cliff'  on  Oak  Greek,  at  liobbin's 
ranch.  Here  it  is  found  sparingly,  but  in  well-preserved  forms.  This 
plant  is  a  valuable  one  for  the  determination  of  the  age  of  the  beds  in 
which  it  occurs,  for  it  has  a  number  of  features  that  render  it  easy  to 
identify,  and  which  cause  it  obviously  to  differ  from  others.  The 
leaves  have  a  thick,  very  durable  texture,  that  causes  them  to  be  much 
better  preserved  than  most  dicotyledons.  The  odd-i:>innate  leaves, 
owing  to  the  persistence  of  the  leaflets  at  their  summits,  frequently 
show  them  attached,  and  sometimes  even  the  terminal  leaflets.  The 
nervation  is  strongly  marked  and  characteristic.  Indeed,  these  leaves 
can  hardly  be  mistaken  for  others.  It  is  significant  to  find  that  this 
plant,  which  is  the  most  abundant  in  the  Brooke  group  of  the  Virginia 
Lower  Potomac,  is  the  most  common  dicotyledon  in  the  upper  member 
of  the  Hay  Greek  Lower  Gretaceous.  As  indicating  similarity  of  age, 
^  such  a  plant  is  much  more  important  than  any  single  species,  which  is 
vaguely  characteristic  and  represented  by  few  individuals.  This  Sapin- 
dopsis is  ''at  home"  and  well  established  in  the  upper  portion  of  the 
Lower  Gretaceous  of  both  the  Hay  Greek  region  and  of  Virginia. 
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Male  Anient  of  a  Dicotyledon? 

PL  CLXIX,  Fig.  10. 

A  male  anient  or  catkin  of  what  was  probably  some  dicotyledon  was 
obtained  on  the  horizon  150  feet  above  the  Jurassic,  at  the  cliff  on  the 
north  side  of  the  valley  of  the  South  Fork  of  Hay  Creek.  This  differs 
from  the  compactly  built,  chaffy  aments  ascribed  to  conifers.  It  has  a 
length  of  about  1  cm.  and  a  width  of  about  3  mm.  The  axis  is  slender 
and  shows  remotely  placed  bracts  scattered  along  it.  The  bracts  are 
slender  and  have  long  slender  tips.  For  the  greater  i)ortion  of  their 
length  tliey  are  coiled  i\p  like  a  watch  spring.    Its  true  place  is  doubtful. 

These  few  species  are  all  the  possible  dicotyledons  found  thus  far  in 
the  Hay  Creek  Lower  Cretaceous. 

INCERT.E  SEDIS. 

The  following  fruits  have  not  been  found  connected  with  any  foliage 
in  a  way  to  indicate  where  they  belong  in  the  various  groups  established 
from  stems  and  leaves.  It  is  quite  possible  that  some  of  them  should 
be  i)laced  in  species  described  in  the  preceding  pages. 

Genus  CARPOLITHUS  Artis. 
Carpolitiius  FASOici'^LATUS  Fontaine. 

PI.  CLXIX,  Figs.  11, 12. 

1889.  Carpolithusfasciculatus  Font. :  Potomac  Flora,  Mon.  U.  S.  Geol.  Survey,  Vol.  XV, 
p.  265,  pi.  cxxxiv,  fig-.  1. 

On  the  horizon  150  feet  above  the  Jurassic,  at  the  cliff  on  the  north 
side  of  the  valley  of  the  South  Fork  of  Hay  Creek,  a  single  imprint, 
as  from  a  nut-like  fruit,  Avas  obtained.  This  in  shape  and  size  is  iden- 
tical with  one  of  the  fruits  of  Garpolitlnis  fascicjihdus  from  the  Lower 
Potomac  of  Virginia.  This  species  was  described  by  the  writer  in  INton. 
TJ.  S.  Geol.  Survey,  Yol.  XV,  p.  265,  pi.  cxxxiv,  fig.  1.  Carpolitiius  fasci- 
culatufi,  as  found  in  the  Potomac  of  Virginia,  shows  a  group  of  nut-like 
fruits  borne  on  a  common  stem.  The  fruit  now  in  question  agrees  well 
with  the  single  nuts  of  the  Virginia  plant.  As  Cephalotaxus  has  a 
l^lum  like  fruit,  two  or  three  in  a  head,  and  as  Ccphaloiajopsis  ma(/ni- 
folia  occurs  at  tliis  locality,  this  fruit  may  belong  to  the  latter.  Xagci- 
opsis  loufji/olia  also  occurs  at  this  locality,  and  the  I'ruit  now  described 
may  belong  to  it. 

The  genus  Nageiopsis,  which  is  abundant  in  the  Lower  Potomac  of 
Virginia,  and  highly  characteristic  of  it,  was  established  by  the  writer 
for  certain  leaves  and  leafy  branches  that  agreed  closely  with  the 
living  genus  Xageia  G-aertner,  generally  regarded  as  a  subgenus  of 
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Podocarpus  Endliclier,  now  surviviug  in  the  East  Indies  and  Japan. 
When  the  descrii^tion  of  the  genus  was  written  I  had  not  seen  either 
the  foliage  or  fruit  of  Nageia.  Since  that  time,  however,  through  the 
kindness  of  a  friend  in  JaiDan,  specimens  of  both  have  been  obtained. 
My  conclusion  as  to  the  close  resemblance  of  the  foliage  of  Nageia  and 
and  ^ageiopsis  has  been  strongly  confirmed  by  an  inspection  of  these. 
The  fruits  of  the  living  ITageia  are  so  much  like  some  of  those  of  the 
Lower  Potomac  of  Virginia,  which  I  described  as  belongiug  to  the 
groups  Oarpolithus  and  Oycadeospermum,  especially  the  latter,  that  I 
think  it  quite  probable  that  some  of  the  Oarpolithus  forms  and  perhaps 
all  of  Oycadeospermum  are  fruits  of  1^'ageiopsis.  It  is  true  that  most 
of  the  i^ageias  have  single  nut-like  fruits,  but  Nageia  Blwnei  Endl. 
(Podocarpus  Blumei  Endl.)  is  described  as  having  its  fruit,  after  the  fall 
of  the  floral  leaves,  grouped  in  bunches  at  the  ends  of  the  branchlets. 
Hence  it  may  be  that  even  branched  nutlets,  like  those  of  Carpolithus 
fasciculatus  may  belong  to  Kageiopsis. 

Fig.  11  of  PI.  GLXIX  shows  this  nut  natural  size,  and  Fig.  12  is 
enlarged  2  diameters. 

Oarpolithus  montium-nigrorum  Ward  n.  sp.^ 

PI.  CLXIX,  Fi^.  13. 

A  nut-like  fruit,  which  is  probably  a  new  species  of  Oarpolithus,  was 
obtained  on  the  horizon  150  feet  above  the  Jurassic,  at  the  cliff  on  the 
north  side  of  the  valley  of  the  South  Fork  of  Hay  Oreek,  It  is  ovate 
in  shape,  15  mm.  long,  and,  including  the  rind  or  margin,  10  mm.  wide 
at  the  widest  part,  which  is  close  to  its  base.  It  has  a  distinct  wing- 
like margin,  which  is  flat,  while  the  body  of  the  seed  is  strongly  con- 
vex, indicating  that  the  margin  was  thinner  than  the  seed  proper.  In 
shape  and  size  it  resembles  Gycadeospermiim  spatulatum  Font.,  of  the 
Lower  Potomac  of  Virginia.  This  latter  was  figured  in  Mon.  U.  S.  Geol. 
Survey,  Vol.  XV,  pi.  cxxxv,  figs.  11, 21.  The  Potomac  fruit,  however,  has 
no  wing,  and  is  a  thinner  seed  with  a  less  firm  texture.  This  seed  may 
be  the  fruit  of  Ceplialotaxopsis  magnifolia  Font.,  for  this  plant  occurs  at 
this  locality,  and  the  fruit  of  Oephalotaxus  is  fleshy,  with  a  hard  woody 
seed  within. 

The  figure  shows  the  specimen  natural  size. 

.  :  Oarpolithus  barrensis  Ward  n.  sp.^ 

1.  CLXIX,  Figs.  14,  15. 

The  fossil  here  named  Oarpolithus  barrensis  was  obtained  on  the 
horizon  150  feet  above  the  Jurassic,  at  John  Barr's  tunnel.  It  has  an 
ovate  shape  and  is  9  mm.  long,  with  a  maximum  width  at  its  lower 
portion  of  about  4  mm.    As  it  leaves  a  pretty  deep  imprint  in  the  shale, 

'Professor  Fontaiiie  in  his  manuscript  designates  tliis  form  by  a  name  that  had  been  twice  used 
before  and  tlierefore  it  was  necessary  to  change  it. 

^Ttie  name  that  Professor  Fontaine  gave  this  form  in  his  manuscript  has  already  been  given  to 
-three  different  objects  by  different  autliors.    As  it  was  found  at  Barr's  tunnel  it  may  he  called 
O.  barrensis. 
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it  was  probably  quite  thick  and  firm  in  texture.  It  is  a  good  deal  like 
Carpolithus  virginiensis  Font.,  but  it  is  more  elliptic  in  form  than  that 
and  proportionally  narrower,  and  had  apparently  a  less  woody  texture. 
It  may  prove  identical  with  the  seed  of  Araucarites  unjomingensis^  but 
the  differences  seem  to  justify  its  doubtful  separation  as  a  new  suecies. 
Fig.  15  is  enlarged  2  diameters. 

Carpolithus  yirginiensis  Fontaine. 

PI.  CLXIX,  Fig.  16. 

1889.  Carjiolithiis  virginiensis  Fout. :  Potomac  Flora,  Mou.  U.  S.  Geol.  Survey,  Vol. 
XV,  p.  266,  pi.  cxxxiv,  figs.  11,  11a,  12,  13,  14,  14a;  pi.  cxxxv,  figs.  1,  5; 
1)1.  clxviii,  figs.  7,  7a. 

Several  detached  nut-like  seeds  were  found  on  the  horizon  100  feet 
below  the  Dakota  sandstone,  at  the  cliff  on  the  north  side  of  Pine 
Creek.  They  are  not  attached  to  a  stem,  as  were  some  of  the  forms  of 
Carpolithus  virginiensis,  which  were  found  in  some  abundance  in  the 
Lower  Potomac  of  Virginia,  and  described  in  Mon.  U.  S.  Geol.  Survey, 
Yol.  XV,  p.  26G,  but  they  resemble  strikingly  the  detached  seed  of  this 
plant.  The  resemblance  is  strong  enough  to  justify  the  identification 
of  the  Hay  Creek  seed  with  those  of  the  Potomac.  Like  the  Potomac 
seeds,  those  of  Hay  Creek  seem  to  have  had  a  firm  woody  texture. 
One  of  the  seeds  has  a  short  pedicel,  indicating  that  it  was  attached 
to  a  stem  after  the  manner  of  the  Potomac  specimens. 

The  figure  shows  one  of  these  seeds  natural  size. 

Carpolithus  fcenarius  Ward  n.  sp.^ 

PI.  CLXIX,  Figs.  17,  18. 

This  is  a  narrowly  elliptical  or  fusiform  seed,  occurring  in  the  strata 
at  the  junction  of  the  Jurassic  with  the  Cretaceous  at  Lon  Cottle's 
ranch.  It  is  5  mm.  long,  with  a  maximum  width  of  1.5  mm.  It  has 
attached  to  it  what  looks  like  a  portion  of  a  wing.  Possibly  this  is  an 
abnormal  seed  of  Araucarites  wyomingensis,  but  more  probably  it  is 
the  seed  of  a  different  species  of  Araucarites,  as  it  is  ^proportionally  too 
narrow  for  A.  wyomingensis. 

Fig.  17  of  PI.  CLXIX  represents  it  natural  size,  and  Fig.  18  enlarged 
2  diameters. 

Genus  FEISTMANTFLIA  Ward  n.  gen. 
Feistmantelia  oblonga  Ward  n.  sp. 

PL  CLXLX,  Fig.  19. 

Fusiform  or  cigar -shaped  markings. — Certain  peculiar  oblong  and 
fusiform  markings  are  found  not  rarely  on  the  horizon  100  feet  l)eIow 
the  Dakota  sandstone,  at  the  cliff  on  the  north  side  of  Piue  Creek. 


'The name  fjiven  to  tlii.s  form  hy  Professor  Fontaine  in  hi.s  nianuH(  rii)t  was  jtrcoccupied.  The  one  I 
have  chosen  is  derive«l  from  the  Latin  word  for  liay,  in  vajjue  ulluHion  to  the  llay  Creelc  coal  field. 
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Tliey  appear  on  the  surface  of  the  rock  as  convex  forms  that  are  casts 
of  concave  shapes  that  existed  apparently  on  woody  stems  of  consider- 
able size  in  the  cambium  layer  under  the  bark.  They  are  not  arranged 
in  a  strictly  definite  manner  or  with  unvarying  pattern.  They  have 
their  longer  dimensions  in  the  direction  of  the  length  of  the  stem  on 
which  they  occur,  and  are  arranged  mostly  in  interrupted  rows,  with 
the  individual  markings  more  or  less  en  echelon,  with  their  ends  some- 
times overlapping.  Sometimes  they  are  close  together  and  touch  for 
most  of  their  length.  Some  are  curved,  but  most  of  them  are  straight. 
These  markings  have  a  sufficiently  constant  and  definite  character  to 
enable  one  to  recognize  them  at  a  glance.  They  occur  only  at  certain 
horizons.  Hence  we  must  infer  that  they  are  not  the  results  of  mere 
accident.  Another  fact  that  gives  them  significance  is  their  occurrence 
in  the  same  way  and  with  the  same  shapes  in  the  Lower  Potomac  of 
Virginia.  In  this  they  are  found  on  the  same  horizon  at  Fredericks- 
burg and  at  Cockpit  Point.  I  can  offer  no  satisfactory  explanation  of 
them,  but  they  are  worthy  of  description,  for  they  clearly  belong  to 
the  wood  of  a  particular  kind  of  tree  occurring  only  in  the  Lower 
Cretaceous  on  a  definite  horizon. 

Note. — The  above  was  Professor  Fontaine's  description  of  these  ohjectS;  and  Fig. 
19  of  PI.  CLXIX  is  a  fairly  good  illustration  of  their  appearance.  I  was  with 
him  when  the  specimens  of  this  plant  referred  to  by  him  from  Cockpit  Point,  on  the 
Potomac  River,  in  Virginia,  were  found  on  the  occasion  of  our  visit  to  that  locality 
on  July  27,  1893,  and  the  specimens  we  then  collected  now  lie  before  me,  as  do  also 
those  from  the  Hay  Creek  coal  field.  Professor  Fontaine  states  that  others  were 
obtained  from  Fredericksburg,  but  these  I  have  not  seen.  The  Fredericksburg 
horizon  is  the  same  as  that  of  Cockpit  Point,  viz.,  his  Fredericksburg  or  my  Rappa- 
hannock series  of  the  Potomac  formation. 

In  addition  to  these  three  localities,  I  last  summer  found  the  same  plant  in  the 
Cheyenne  sandstone  of  Kansas.  It  is  quite  abundant  in  what  Professor  Cragin  has 
called  the  Lamphier  shales,  and  also  occurs  in  the  more  carbonaceous  portions  of 
his  Stokes  sandstone.  Eeferring  to  my  notes,  I  find  first  the  mention  of  broad  stems 
resembling  bamboo  and  subsequently  of  these  peculiar  '^cigar-shaped  markings  iden- 
tical with  those  from  the  Black  Hills  and  Cockpit  Point,"  so  associated  with  the 
broad  bamboo-like  stems  ''that  it  was  easy  to  be  sure  that  they  belong  to  the  stems 
and  occur  in  the  interior  as  a  part  of  the  internal  structure."  These  specimens  are 
now  in  temporary  storage  and  I  can  not  confront  them  with  the  others,  but  I  was 
too  familiar  with  them  to  have  been  mistaken,  as  the  Cockpit  Point  specimens  had 
greatly  interested  me  and  led  me  to  make  a  prolonged  search  for  similar  objects  pre- 
viously figured  by  other  authors.  I  will  now  give  the  result  of  that  investigation 
supplemented  by  some  later  discoveries. 

Of  all  the  figures  thus  far  found  that  which  Feistmantel  gives  in  his  Flora  of  Kach 
(Foss.  Fl.  Gondw.  Syst.,  Yol.  II,  Pt.  I,  1876,  pi.  x,  fig.  2)  comes  the  nearest  to  the 
American  forms.  In  fact,  it  is  substantially  identical  and  must  represent  the  same 
genus.  It  is  for  this  reason  that  I  dedicate  this  new  genus  to  the  late  Dr.  Ottokar 
Feistmantel,  for  whom,  notwithstanding  his  numerous  and  important  contributions 
to  paleobotany,  no  genus  of  fossil  plants  has  been  named,  and  very  few  species. 

Of  this  plant  Feistmantel,  on  page  61  of  the  work  quoted,  says : 

"Portion  of  a  stem  of  a  coniferous  plant. — The  specimen  which  I  have  figured 
here  seems  to  me  to  be  undoubtedly  a  fragment  of  the  stem  of  a  coniferous  plant.  The 
scars,  it  is  true,  remind  one  very  much  of  a  lycopodiaceous  plant,  but  no  Lycopo- 
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diacere  have  been  found  anywhere  in  Mesozoic  strata.  The  scars  are  spirally  dis- 
posed, oblong,  with  the  broader  portion  above,  where,  I  believe,  leaves  were  inserted. 
The  lower  portion  is  narrower  and  elongate,  but  no  other  structure  is  to  be  seen.  If 
we  compare  these  specimens,  however,  with  stems  of  living  coniferous  plants,  we 
shall  find  that  the  structure  of  the  young  branches  is  similar.  But  to  describe  and 
determine  them  more  exactly  is,  I  believe,  not  possible,  because  it  is  always  very 
difficult  to  recognize  a  plant  only  from  a  fragment  of  the  stem.  We  can  only  say 
that  the  stems  belong,  perhaps,  to  one  of  the  coniferous  plants  found  in  the  same 
locality,  and  two  especially  may  be  suggested,  the  Pachyphyllum,  or  the  plant  to 
which  the  scales  I  shall  next  describe  belonged.  I  believe  this  vstem  can  not  be 
referred  to  Echinostrobus  Schimp,,  as  the  leaves  are  quite  different."  In  the 
description  of  the  plate  of  tig.  2  he  simply  says:  '^Stem  of  a  coniferous  plant,  with 
leaf  scars. — From  Kukurbit." 

Next  to  this  in  point  of  similarity  to  our  forms  I  place  three  figures  of  Stokes  and 
Webb  in  their  report  on  Mantell's  collection  from  the  Tilgate  Forest  in  Sussex 
(Wealdeu),  contributed  to  the  Geological  Society  of  London  and  published  in  its 
Transactions  in  1824  (Trans.  Geol.  Soc.  London,  2d  Ser.,  Vol.  I,  pp.  421-424,  jil.  xlv- 
xlvii).  These  are  the  figs.  8  of  pi.  xlvi  and  tigs.  4b  and  4c  of  pi.  xlvii,  all  of  which 
are  regarded  as  parts  of  their  Clathraria  anomala,  and  the  tirst  of  them  is  still  included 
by  Seward  (Wealden  Flora,  Pt.  II,  p.  123)  in  Bucklandia  anomala,  which  is  the  modern 
name  of  that  same  i)lant.  It  is  generally  admitted  that  these  are  the  piths  of  cycad- 
ean  trunks,  and  for  this  class  of  objects  Saporta  proj)()sod  the  name  Cycadeomyelon 
(Plantes  Jurassiques,  Vol.  II,  p.  331). 

Saporta  did  not,  however,  deal  with  the  English  Wealden  forms,  and  only  included 
under  his  new  genus  so  much  of  the  plant  described  by  Schimper  (Traite  de  Pal. 
Vdg.,  Vol.  II,  p.  183)  under  the  designation  Clathraria  Hasina  as  related  to  certain 
pith  casts  found  at  Hettanges  near  Metz.  Schimper  thought  that  these  objects  rep- 
resented the  woody  cylinder  of  cycadean  trunks  (he  does  not  say  the  medulla),  and 
he  suggested  that  they  might  belong  to  Oiozamites  major.  He  did  not  figure  any  of 
the  specimens,  and  the  only  figure  I  have  seen  of  this  plant,  which  Saporta  called 
Cycadeomyelon  hettanfjense,  is  that  of  the  Plantes  Jurassiques,  Vol.  II,  Atlas,  pi.  cxix, 
fig.  5.  This  also  presents  a  remarkable  similarity  to  the  American  Lower  Cretaceous 
forms  under  consideration,  and  I  was  at  first  tempted  to  refer  these  to  Cycadeomyelon 
and  class  them  with  the  Cycadales;  but  certain  weighty  considerations  deter  me 
from  this  course. 

The  only  other  figures  that  I  have  thought  it  worth  while  to  compare  are  those  of 
Germar's  Omphalomela  scabra  (Palaeontographica,  Vol.  I,  pi.  iii),  which  are  without 
much  doubt  pith  casts  of  cycads,  and  were  referred  by  Schimper  to  Clathraria  and 
calle«l  Clathraria  Gerniari  (Traitd,  Vol.  Ill,  p.  .554).  The  markings  here  are  quite 
dift'erent  from  those  heretofore  considered  and  approach  more  closely  to  those  seen 
on  the  medulla  of  other  cycadean  trunks  of  which  we  have  knowledge,  some  of  which 
are  described  in  this  paper  (cf.  Cycadeoidea  jStiUwelli,  supra,  pp.  636,  637,  PI.  CXLIX), 
and  others  elsewhere  (see  Proc.  Biol.  Soc.  Washington,  V^ol.  XI,  p.  13). 

The  principal  objection  to  regarding  the  American  forms  as  distinct  from  Cyca- 
deomyeh)n  and  for  seriously  doubting  that  they  really  represent  the  medulla  of 
cj'cadean  trunks  is  that  the  markings  appear  in  all  cases  to  be  on  the  inner  wall  of 
the  hollow  cylinder  of  some  vegetable  trunk,  and  not  on  the  outer  surface  of  the 
medullary  axis,  i.  e.,  in  precisely  the  reverse  position  from  those  of  Cycadeomyelon. 
In  the  case  of  tin;  Indian  plant,  although  I'cistniantcl  su])p()sed  that  the  markings 
were  leaf  scars  on  the  surface  of  coniferous  stems,  there  is  nothing  iu  his  figures  to 
negative  the  idea  that  they  might  be  internal.  He  speaks  as  if  lie  had  (•<)nsideral)le 
material,  and  this  ([uestiou  could  perhaps  l)e  settled  by  an  examination  of  it.  In 
many  of  our  specimens  it  would  be  difllicult  to  decide  whether  the  scars  occu})ied 
an  outer  or  jin  inner  surface,  and  Professor  Fontaine,  in  his  d<'8cription  given  above, 
does  not  clearly  indicate  what  his  view  of  tin;  matter  is  by  saying  that  "  they  appear 
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on  the  surface  of  the  rock  as  convex  forms  that  are  casts  of  concave  shapes  that 
existed  apparently  on  woody  stems  of  considerable  size  in  the  cambium  layer  under 
the  bark."  This,  it  seems  to  me,  might  admit  of  either  interpretation.  As  I  now 
examine  the  specimen  figured  by  him  I  think  I  see  evidence  that  the  projections 
were  inward,  and  other  material  that  he  did  not  figure  confirms  this  impression. 
The  specimens  from  Cockpit  Point  present  the  same  difficulty,  but  one  of  these  pretty 
clearly  indicates  that  it  forms  the  thin  edge  of  a  flattened  hollow  due  to  pressure, 
and  represents  itself  the  investing  layer  of  whatever  may  have  once  occupied  this 
hollow  space.  Put  with  this  my  observations  in  Kansas,  which  left  no  doubt  in  my 
mind  that  the  bamboo-like  stems  on  parts  of  which  these  markings  occur  were  the 
interior  parts  of  large  hollow  trunks,  and  the  evidence  becomes  strong  that  our  plant 
is  not  a  Cycadeomyelon  or  any  other  "  myelon"  or  pith,  but  part  of  a  hollow  mold 
with  the  elevations  directed  toward  the  center  of  the  trunk. 

The  species  of  Feistmantelia  will  depend  chiefly  on  the  shape  of  the  elevations. 
Those  of  Feistmautel's  figure  are  decidedly  fusiform,  with  the  upper  end  of  the 
spindle  much  larger.  That  form  may  therefore  be  called  Feistmantelia  fusiformis. 
His  statement  that  they  are  '^spirally  disposed"  is  scarcely  justified  by  the  figure, 
but  here,  as  in  all  other  cases  observed  by  me,  they  are  alternately  disposed,  i.e., 
lying  side  by  side,  but  each  one  beginning  and  ending  at  a  difi"erent  point  from  its 
neighbor,  which  is  a  characteristic  feature  of  Cycadeomyelon,  and  strongly  suggests 
a  connection  with  the  medullary  rays.  The  Cockpit  Point  specimens  have  some  of 
the  half-reliefs  somewhat  fusiform,  but  often  simply  oblong,  i.  e.,  half  cylinders 
abruptly  rounded  at  the  ends.  This  latter  is  almost  the  only  form  preserved  by  the 
Hay  Creek  specimens,  and  on  this  account  I  have  preferred  the  specific  name  oblonrja. 

This  plaut  affords  a  good  example  of  the  geological  value  of  certain  kinds  of 
objects  which  appear  to  have  very  little  value  for  biology.  Many  paleobotanists 
look  with  contempt  upon  anything  whose  systematic  position  is  in  doubt  and  declare 
that  it  does  more  harm  than  good  to  list  forms  which  can  not  be  referred  with 
practical  certainty  to  some  definite  family  or  genus.  They  argue,  correctly  enough, 
that  the  attempt  to  draw  conclusions  from  such  material  as  to  the  history  of  plants 
is  wholly  misleading  and  vitiates  all  reasoning  from  fossil  plants.  They  forget,  or 
never  seem  to  have  thought,  that  a  form  may  have  a  geological  value  quite  inde- 
pendent of  all  such  conclusions.  Such  reasoning  is  really  biological  after  all,  i.  e., 
it  is  an  attempt  to  work  out  the  genealogy  of  certain  groups  of  vegetation.  The 
forms,  such  as  this  one,  are  worthless  for  this  purpose  and  any  attempt  to  employ 
them  in  this  manner  can  not  be  too  strongly  condemned.  The  value  they  have  is 
what  is  called  geognostic.  If,  as  in  the  present  case,  the  objects  are  clear  and  definite, 
so  as  to  be  readily  recognizable  whenever  found,  and  especially  if,  as  also  in  this 
case,  they  are  confined  to  certain  geological  horizons,  they  become  useful  indices 
and  characteristic  marks  of  geological  formations,  and,  wisely  employed,  become 
valuable  aids  to  geology.  If  these  peculiar  markings  hud  only  been  seen  once,  they 
might  be  regarded  as  mere  liisus  naturae  and  neglected;  but  when  we  find  them 
under  practically  the  same  conditions  at  about  the  same  horizon  and  all  exactly 
alike  in  widely  difierent  parts  of  the  country,  we  begin  to  see  that  they  represent 
similar  beds  and  add  important  testimony  to  the  similarity  in  age. 

All  the  American  forms  have  occurred  in  the  Lower  Cretaceous,  and  their  range, 
so  far  as  now  known,  is  from  near  the  base  of  the  Cretaceous  to  near  the  top  of  the 
beds  that  lie  below  the  Dakota  group  or  Cenomanian  of  Europe,  i.  e.,  from  the 
Neocomian  to  the  Gault  or  Albian  of  Old  World  nomenclature.  If  the  specimens 
from  India  are  the  same  as  ours,  this  carries  the  genus  down  to  the  Lias,  provided 
the  beds  of  Kach  have  been  correctly  correlated.  When  the  Jurassic  of  AmiBrica  is 
better  known  we  may  expect  to  find  representatives  of  this  plant  in  them,  but  there 
is  reason  to  believe  that  the  species  will  differ  in  the  same  way  that  they  do  in  other 
better-understood  genera.  It  will  be  further  observed  that  this  range  is  about  the 
same  as  that  of  the  fossic  cycads  in  general,  which  may  or  may  not  be  taken  as  an 
argument  for  the  cycadaceous  nature  of  Feistmantelia. — L.  F.  W. 
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LOCALITIES  AT  WHICH  COLLECTIONS  SHOULD  BE  MADE. 

The  preceding  descriptious  include  all  the  fossil  i)laiits  obtained  thus 
far  from  the  Lower  Cretaceous  strata  of  the  Hay  Creek  region  that  are 
sufficiently  well  characterized  to  be  worthy  of  mention.  Incidentally, 
in  the  descrii)tions  of  the  plants,  attention  has  been  called  to  some  of 
the  localities  which  seem  worthy  of  having  additional  collections  made 
from  them.  There  are  some  other  localities  equally  worthy  of  further 
attention,  which  may  be  noticed  here. 

The  shale  in  the  cliff  on  the  north  side  of  the  valley  of  the  South 
Fork  of  Hay  Creek,  lying  150  feet  above  the  Jurassic,  is  one  that  should 
have  additional  collections  made  from  it.  It  has  yielded  a  large  num- 
ber of  good  fossils  from  a  small  amount  of  material,  but  there  are  indi- 
cations that  a  careful  and  prolonged  examination  would  discover  many 
more,  i)robably  new  ones.  The  shale  is  fine-grained  and  fissile,  having 
a  light  brown  color.  It  preserves  the  lilants  beautifully  and  they  are 
easily  worked  out  of  it.  It  haS  fragments  of  plants  which  with  the 
material  in  hand  are  not  capable  of  determination,  but  which  hint  at 
the  existence  of  forms  different  from  those  described.  A  number  of 
plants  found  here  have  not  been  discovered  elsewhere.  They  occur  on 
an  important  horizon  and  seem  to  be  very  rich  in  fossils. 

Material  occurring  at  the  cliff  in  the  east  bank  of  Oak  Creek,  2  miles 
below  Kobbin's  Ranch,  is  found  in  a  fine-grained,  thinly  laminated 
argillaceous  sandstone  that  is  interstratified  with  thin  layers  of  a 
very  fine-grained  shale.  These  shale  partings  preserve  plants  finely 
and  have  yielded  some  very  distinct  and  large  imj^rints.  Only  a  small 
amount  of  material  has  been  obtained  from  this  place.  It  well  de- 
serves further  examination.  It  occurs  on  a  critical  horizon  and  the 
plants  found  here  do  not  seem  to  have  suffered  so  much  from  drifting 
as  they  have  at  most  of  the  other  localities. 

The  bed  of  shales  at  the  contact  of  the  Jurassic  with  the  Cretaceous, 
at  Lon  Cottle's  Eanch,  is  another  critical  horizon,  and  eminently 
deserves  further  and  careful  examination.  This  shale  is  light  chocolate 
in  color,  very  fine  grained  and  fissile,  enabling  one  to  work  out  the 
plants  easily.  It  preserves  them  finely.  It  is  full  of  fragments  of 
plants,  and  as  the  amount  of  material  obtained  from  it  is  very  small, 
there  is  little  doubt  that  careful  search  would  disclose  many  new  spe- 
cies. This  shale  contains  among  others  the  seeds  and  cone  scales 
of  Araucarites  ivyomingensis^  and  the  fossils  found  here  do  not  occur 
elsewhere. 

THE  FOSSILS  OF  THE  DIKFEKFNT  HORIZONS. 

Before  going  into  the  consideration  of  the  age  of  the  Hay  Creek  beds 
that  lie  beneath  the  typical  Dakota  sandstone  it  will  be  useful  to  pre- 
sent listsof  tlie  ])la.nts  that  occur  on  the  several  horizons.  1  will  begin 
with  the  lowest. 
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Plants  occurring  at  the  contact  of  the  Cretaceous  tvith  the  Jurassic,  Division  No.  4. 

1.  Thyrsopteris  elliptica  Font.  ?  3.  Carpolithus  fcenarius  AVard  n.  sp. 

2.  Araucarites  wyomingensis  n.  sp. 

Plants  occurring  from  50  to  75  feet  ahove  the  Jurassic,  Division  No.  4. 


1.  Thyrsopteris  dentifolia  n.  sp. 

2.  Thyrsopteris  brevifolia  Font. 

3.  Thyrsopteris  pecopteroides  Font. 


4.  Zamites  borealis  Heer. 

5.  Pinus  susquaensis  Dn. 

6.  Czekanowskia  nervosa  Heer. 


Plants  occurring  on  the  horizon  150  feet  ahove  the  Jurassic,  Division  No.  3. 


1.  Equisetuni  virginicum  Font.  ? 

2.  Cladophlebis  parva  Font.  ? 

3.  Spheuopteris  plnrinervia  Heer  ? 

4.  Thyrsopteris  pinnatifida  Font.  ? 

5.  Thyrsopteris  crassinervis  Font.? 

6.  Thyrsopteris  ellijitica  Font. 

7.  Thyrsopteris  brevipennis  Font.? 

8.  Scleropteris  distantifolia  n.  sp. 

9.  Scleropteris  rotundifolia  n.  sp. 

10.  Zamites  brevipennis  Heer. 

11.  Zamites  borealis  Heer. 

12.  Williamsonia?  phoBnicopsoides  Ward 

n.  sp. 

13.  Araucarites  wyomingensis  n.  sp 


14.  Araucarites?  cuneatus  Ward  n.  sp. 

15.  Pinus  susquaensis  Dn. 

16.  Sequoia  sp.  Font.    Immature  cone. 

17.  Nageiopsis  longifolia  Font. 

18.  Nageiopsis  angustifolia  Font. 

19.  Baieropsis  adiantifolia  Font. 

20.  Czekanowskia  nervosa  Heer. 

21.  Cephalotaxopsis  magnifolia  Font. 

22.  Male  ament  of  a  conifer. 

23.  Male  ament  of  a  dicotyledon  ? 

24.  Carpolithus  fasciculatus  Font. 

25.  Carpolithus  montium-nigrorum  Ward 

n.  sp. 

26.  Carpolithus  barrensis  AVard  n.  sp. 


Plants  occurring  on  the  horizon  100  feet  below  the  Dakota  sandstone.  Division  No.  2. 


1.  Equisetnm  virginicum  Font. 

2.  AVeichselia  reticulata   (Stokes  and 

AVebb)  AA^ard. 

3.  Matonidium  Althansii  (Dunk.)  AA'ard. 

4.  Pecoj)teris  Geyleriana  Nath. 

5.  Zamites  species? 

6.  Cycadeospermum  rotundatum  Font. 

7.  Pinus  susquaensis  Dn.  ? 

8.  Leptostrobus  longifolius  Font. 

9.  Leptostrobus?  alatus  AVard  n.  sp. 

10.  Athrotaxopsis  tenuicaulis  Font. 

11.  Sequoia  Reichenbachi  (Gein.)  Heer. 

12.  Sequoia  gracilis  Heer. 


13.  Geinitzia  Jenneyi  n.  sp, 

14.  Sphenolepidium  Kurrianuni  (Dunk.) 

Heer. 

15.  Sphenolepidium  parceramosum  Font. 

16.  Glyptostrobus    brookensis  (Font.) 

Ward. 

17.  Baieropsis  pluripartita  Font.  ? 

18.  Cephalotaxopsis  magnifolia  Font. 

19.  Quercopliyllum  wyomingense  n.  sp. 

20.  Ulmiphyllum  densinervo  n.  sp. 

21.  Sapindopsis  variabilis  Font. 

22.  Carpolithus  virginiensis  Font. 

23.  Feistraantelia  oblonga  Ward  n.  sp. 


Plants  occurring  on  the  horizon  50  to  60  feet  helow  the  Dakota  sandstone,  Division  No.  2. 


1.  AVeichselia  reticulata   (Stokes  and 

Webb)  Ward. 

2.  Pecopteris  Geyleriana  Nath. 

3.  Pecopteris  borealis  Brongn. 

4.  Cladophlebis  wyomingensis  n  sp. 

5.  Pinus  susquaensis  Dn. 

6.  Abietites  angusticarpus  Font. 

7.  Leptostrobus  longifolius  Font. 

8.  Athrotaxopsis  tenuicaulis  Font. 


9.  Sequoia  Reichenbachi  (Gein.)  Heer. 

10.  Geinitzia  Jenneyi  n.  sp. 

11.  Sphenolepidium  Kurrianuni  (Dunk.) 

Heer. 

12.  Sphenolepidium  parceramosum  Font. 

13.  Glyptostrobus    brookensis  (Font.) 

Ward. 

14.  Ficophyllum  serratum  Font. 

15.  Sapindopsis  variabilis  Font. 
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CONCLUSIOXS  AS  TO  THE  DISTRIBUTION  OF  THE  PLANTS. 

From  these  lists  it  will  be  seen  tliat  the  flora  of  the  horizon  100  feet 
below  the  Dakota  sandstone  and  that  of  the  horizon  60  feet  below  it  are 
essentially  the  same.  The  resemblance  is  not  fully  disclosed  by  the 
lists  alone.  The  same  plants  that  are  abundant  on  the  one  horizon  are 
also  abundant  on  the  other,  and  they  show  very  much  the  same  state 
of  preservation.  It  is  noteworthy  that  on  both  of  these  horizons,  from 
some  cause,  the  i)lants  are  more  distinctly  characterized  than  they  are 
on  the  lower  horizons.  They  also  occur  in  larger  and  more  complete 
specimens,  and  the  leaves  are  more  often  attached  to  stems.  The  phmts 
indicate  that  there  is  no  break  between  the  two  horizons  named,  both 
of  which  occur  in  Professor  Jenney's  division  No.  2.  The  horizon  GO  feet 
below  the  Dakota  sandstone  is  shown  by  tlie  plants  to  be  somewhat 
higher  than  that  100  feet  below  it,  in  the  disappearance  of  some  of  the 
survivors  from  lower  horizons,  which  had  struggled  on  to  the  latter. 
Tliyrsopteris  elliptica  Font,  comes  up  into  the  horizon  100  feet  below 
the  Dakota  sandstone,  showing  one  or  two  doubtful  specimens.  It 
does  not  appear  at  all  on  the  higher  horizon.  Cephalotaxopsis  magni- 
folia  Font.,  surviving  feebly  on  the  lower  horizon  in  division  No.  2,  does 
not  pass  up  into  the  higher.  Pinus  susquaeusis  Dn.  is  the  only  plant 
belonging  to  the  lower  horizons  that  is  found  on  the  highest  horizon  of 
division  No.  2.  It  should  be  stated,  however,  that  the  specimens  sup- 
posed to  be  this  Pinus,  that  are  found  on  the  two  horizons  of  division 
No.  2,  are  few  and  not  well  characterized,  so  that  the  identification  of 
them  with  P.  susquaensis  is  not  entirely  free  from  doubt. 

If  we  compare  the  list  of  jdants  found  on  the  lowest  horizon  in  divi- 
sion No.  2,  or  that  100  feet  below  the  Dakota  sandstone,  Avith  that 
yielded  by  the  horizon  150  feet  above  the  Jurassic  and  occurring  in 
division  No.  3,  we  find  a  decided  change.  No  dicotyledons  occur  below 
division  No.  2.  The  plants  that  are  most  abundant  on  the  lower  hori- 
zon in  division  No.  2,  and  most  characteristic  of  it,  do  not  occur  at  all 
below  it.  Those  that  come  up  to  it  from  lower  horizons  appear  as  sur- 
vivors and  not  as  well-established  plants.  They  occur  in  some  cases  as 
doubtlul  forms,  and  in  all  cases  are  rare.  Many  of  the  most  character- 
istic plants  of  the  lower  horizons,  such  as  CzelmnowsMa  nervosa  ITeer, 
Zamites  horealis  Heer,  Zamites  brevipennis  Heer,  do  not  pass  up  into  the 
horizon  100  feet  below  the  Dakota  sandstone.  These  and  other 
evidences  derived  fiom  a  study  of  the  plants  indicate  a  time-break 
between  Jenney's  divisions  No.  3  and  No.  2.  On  the  other  hand,  no 
change  in  the  flora  of  the  strata  from  the  junction  of  the  Jurassic  with 
the  Cretaceous  up  to  the  base  of  division  No.  2  indicates  a  want  of  con- 
formity in  them.  Divisions  No.  3  and  No.  4,  so  far  as  the  evidence  of 
the  plants  goes,  make  one  group.  It  is  true  that  there  are  changes  in 
the  species  occurring  on  the  lower  horizons  varying  from  the  contact 
of  the  Jurassic  witli  the  Cretaceous  up  to  and  including  tlie  horizon 
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150  feet  above  tlie  Jurassic,  but  the  general  character  of  the  flora  as  a 
whole  is  the  same.  It  is  much  more  Jurassic  in  type  than  that  of  the 
beds  higher  up.  Thyrsopteris,  Zamites  (of  the  type  of  Z.  horealis  Heer), 
conifers  with  flabellate  leaves  like  Czekanowskia  and  Baieroi^sis,  Arau- 
carites  and  Scleropterids  with  small  pinnules  are  the  most  character- 
istic plants.  It  must  not  be  forgotten,  however,  that  the  collections  of 
plants  from  these  lower  beds,  especially  those  of  division  'No.  4,  are 
very  scanty,  and  far  inferior  in  the  number  of  specimens  to  those 
obtained  from  division  No.  2.  A  more  thorough  search  of  these  strata 
may  furnish  numerous  plants  that  would  materially  modify  the  con- 
clusions drawn  from  the  material  now  in  hand. 

GEOLOGICAL  AGE  OF  THE  HAY  CREEK  STRATA  LYING  BETWEEN  THE  TYPICAL  DAKOTA 

SANDSTONK  AND  THE  JURASSIC. 

As  Stated  in  the  beginning  of  this  paper,  the  strata  yielding  the 
plants  described  in  it  were  assumed  by  IiTewton  to  be  of  the  same  age 
as  the  true  Dakota,  a  system  of  beds  in  which  dicotyledons  form  nearly 
all  the  plants,  they  being  of  comparatively  modern  type.  The  plants 
found  even  on  the  highest  horizon  of  division  IS'o.  2  differ  totally  from 
those  of  the  true  Dakota  beds,  and  indicate  a  distinctly  older  series. 
The  plants  from  the  two  horizons  in  division  No.  2  are  essentially  the 
same  and  indicate  that  there  is  no  unconformity  in  this  division.  We 
may  leave  out  of  consideration  the  fusiform  markings  {Feistmantelia 
oblonga  Ward  u.  sp.),  the  questionable  species  of  Zamites,  Baieropsis 
pluripartita  Font.,  and  the  possible  seeds  of  Leptostrobus,  that  occur 
on  the  horizon  100  feet  below  the  Dakota  sandstone,  for  they  are  too 
poorly  characterized  to  help  in  determining  age.  We  have  then  24 
species  from  the  two  horizons  of  division  No.  2.  Of  these,  4  are  new, 
and  for  that  reason  can  not  be  used  in  fixing  the  geological  age.  Of 
the  20  species  remaining  no  fewer  than  14  occur  in  the  Lower  Potomac 
of  Yirginia.  The  dicotyledons  found  in  this  division  are  of  a  more 
modern  type  than  those  which  occur  in  the  Lower  Potomac  beneath 
the  Brooke  or  upper  portion  of  that  group  of  beds,  and  Scqnndopsis 
variabilis  Font.,  the  most  abundant  dicotyledon  in  the  Brooke  strata, 
is  by  far  the  most  abundant  one  in  division  No.  2.  Besides,  such  plants 
as  Sphenolepidium  Kurrianum  (Dunk.)  Heer,  Sphenolepidium  parcera- 
mosum  Font.,  Glyptostrohus  hrool^ensis  (Font.)  Ward,  and  Leptostrolyus 
longifolius  Font.,  that  are  common  on  the  Brooke  horizon,  are  common 
here  also. 

Of  the  20  significant  species  occurring  in  division  No.  2,  and  not 
found  in  the  Lower  Potomac,  6  have  been  previously  described  as  com- 
ing from  other  formations.  Finns  siisquaensis  Dn.,  according  to  Sir 
William  Dawson,  occurs  in  the  Kootanie  formation;  Sequoia  gracilis 
Heer,  according  to  Heer,  is  found  in  the  Kome  beds  of  Greenland; 
Matonidium  Althausii  (Dunk.)  Ward,  according  to  Schenk  and  Heer, 
occurs  in  the  Wealden  of  Europe;  Fecopteris  GeylerianaNath.,  as  stated 
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by  M.  Yokoyama,  is  found  in  the  Xeocomian  of  «Tapan;  Weicliselia 
reticulata  (Stokes  and  Webb)  Ward,  Sclieuk  gives  as  occurring  in  the 
Urgonian  Wernsdorf  beds  of  Europe;  Heer  gives  Pecopteris  borealis 
Brongn.  as  fonnd  in  the  Kome  beds  of  Greenland,  which  he  regards 
as  Urgonian  in  age.  The  Lower  Potomac  is,  according  to  the  plants, 
Keocomian  in  age.  The  Wealden  being  eqnivalent  in  age  to  Lower 
I^'eocomian,  and  the  Urgonian  being  a  formation  of  the  Upper  ^^"eoco- 
mian,  and  the  Kootanie  being  also  Xeocomian  in  age,  it  follows  that 
all  the  fossil  plants  fonnd  in  division  jSTo.  2  that  are  sufficiently  well 
characterized  to  throw  light  on  its  age  are  IN'eocomian  species.  Of  the 
new  species,  we  may  omit  Ulmiphyllum  deminerve  and  Quercophyllum 
ivyomingensis  as  being  too  undetermined  to  be  significant.  The  two 
remaining  ones,  Geinitzia  Jenneyi  and  Gladophlehis  wyomiiujensisj  are 
closely  allied  to  ]^eocomian  fossils. 

We  may  then  conclude  without  hesitation  that  Jenney's  division  ^o. 
2  is  certainly  older  than  the  typical  Dakota  group  with  predominant 
dicotyledons,  and  that  its  age  is  Xeocomian.  We  may  also  hold  that 
of  the  various  more  or  less  local  groups  of  beds  of  ^STeocomian  age,  it  is 
nearest  to  the  Lower  Potomac,  as  exposed  in  Virginia.  We  may  go 
further  and  determine  with  great  probability  that  the  age  of  division 
No.  2  corresponds  Avith  that  of  the  Brooke  group,  an  upper  member  of 
the  Lower  I*otomac. 

Coming  now  to  divisions  ]N"o.  3  and  No.  4,  we  will  not  be  able  to  make 
so  satisfactory  an  analysis,  for  the  fossils  are  not  nearly  so  well  pre- 
served and  the  si^ecimens  are  not  so  large  as  those  of  the  upper  division. 
In  addition  the  collections  from  these  members  of  the  Hay  Creek 
series  are  much  more  scanty,  so  that  conclusions  based  on  the  absence 
of  types  are  more  risky  than  they  are  in  division  No.  2. 

In  the  two  lower  divisions  32  different  species  of  plants  have  been  found 
whose  characters  have  been  more  or  less  fully  determined.  Fourteen 
of  these  are  new  species,  5  have  been  found  from  formations  other  than 
Potomac,  whose  age  is  known,  and  13  are  Potomac  species. 

Most  of  the  new  species  are  so  regarded  because  their  character  has 
been  very  imperfectly  determined,  and  not  enough  is  known  of  tliem  to 
permit  their  identification  with  known  species.  In  a  number  of  cases 
there  is  nothing  shown  that  would  prevent  more  complete  specimens 
from  exhibiting  features  that  would  identify  them  with  plants  pre- 
viously described.  Indeed  it  is  quite  probable  that  such  forms  as 
CarpoUtUuH  foenarius  Ward,  Carpolithus  barrensis  Ward,  Zamitesf  sj)e- 
cies,  Williafusonia? phamico2)soides  Ward,  the  aments  supposed  to  belong 
to  some  conifer  and  some  dicotyledons,  and  the  immature  cone  of 
Sequoia,  are  not  really  new  species.  The  ai)i)arentiy  large  propor- 
tion of  new  sj)ecies  has  tlion  no  significance.  The  new  species  that 
have  been  determined  with  some  deMniteness,  such  as  Araucaritcs 
wyomhiyensis,  Scleroptcris  rotundifolia^  and  Sclcroptcris  distant  [folia  ^ 
so  far  as  their  generic  character  goes,  indicate  survivors  tVoin  the 
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Jurassic.  Thirteen  species  have  been  determined,  many  of  them  doubt- 
fully, as  identical  with  Lower  Potomac  forms.  They  indicate  that  the 
beds  containing  them  correspond  in  age  with  the  lower  portion  of 
the  Lower  Potomac.  A  number  of  them  are  Jurassic  in  type,  being 
probably  survivors  of  a  flora  of  that  age.  The  large  proportion  of 
Potomac  species  confirms  the  conclusion  deduced  from  the  i^lants  of 
division  No.  2,  viz,  that  the  flora  of  the  Hay  Creek  beds  is,  among  the 
local  Lower  Cretaceous  floras,  nearest  to  that  of  the  Lower  Potomac. 
Five  of  the  32  species  found  in  the  beds  now  in  question  have  been  pre- 
viously described  as  coming  from  Lower  Cretaceous  groups  other  than 
Lower  Potomac.  Zamites  borealis  Heer,  and  Zamites  hrevipennis  Heer, 
were  described  by  Heer  from  the  Kome  beds  of  Greenland,  and  Sphen- 
opteris  pliirinervia  Heer  from  the  Wealden  of  Portugal.  From  the  lat- 
ter formation  Heer  also  describes  CzelcanoicsMa  nervosa  Heer.  Fimts 
susquaensis  Dn.,  before  mentioned,  seems  more  at  home  in  these  beds, 
but  survives  into  division  Xo.  2.  Eighteen  out  of  the  32  species  are 
then  more  or  less  certainly  Neocomian  species,  and  they  include  all  the 
plants  from  these  lower  strata  that  are  identical  with  forms  previously 
described. 

We  find  from  this  review  of  the  plants  that  all  the  species  of  the  third 
and  fourth  divisions  of  the  Hay  Creek  beds  that  lie  under  the  Dakota 
sandstone  which  can  be  identified  with  previously  described  plants  are 
Neocomian  in  age,  and  this  is  a  remarkably  close  agreement  between  the 
flora  of  the  strata  now  in  question  and  that  of  the  Keocomian.  The  fact 
that  the  Hay  Creek  flora  shows  a  much  greater  resemblance  to  that  of 
the  Lower  Potomac  than  to  the  Kootanie  floras  of  British  America  and 
of  Great  Falls,  Montana,  which  occur  much  nearer  to  the  Hay  Creek 
region  than  does  the  Potomac  of  Virginia,  is  another  surj) rising  feature.^ 

4.  FLORA  OF  THE  DAKOTA  GROUP  PROPER. 

It  remains  only  to  consider  the  forms  of  i)lant  life  that  have  been 
obtained  from  the  highest  member  of  the  Dakota  group  of  ]^ewton, 
wbich,  there  is  no  reason  to  doubt,  represents  some  horizon  of  the  true 
Dakota  No.  1  of  Meek  and  Hayden,  although,  in  the  imperfect  state  of 
our  knowledge  of  that  formation,  it  is  impossible  to  fix  its  i^osition  with 
exactness.  The  rock  or  matrix  in  which  the  plants  are  embedded  is 
wholly  different  from  that  of  the  plains  of  Kansas  where  the  greater 
part  of  the  plants  have  been  found,  signs  of  the  dark- brown  fer- 
ruginous sandstones  and  clay  ironstones  so  characteristic  of  the  latter 
were  seen  by  me,  and  Professor  Jenney  describes  none  in  the  Hay  Creek 
region.  But  it  is  known  that  the  Dakota  group  is  not  wholly  made  up 
of  these,  and  quite  recently  heavy  beds  of  different  material  have  been 
found  in  southern  Kansas  underlying  the  typical  plant-bearing  Dakota 


'This  and  a  number  of  similar  questions  are  discussed  by  Professor  Jenney  in  his  notes  (see supra, 
pp.  568-593). 
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and  overlying  equally  typical  Kiowa  shales  belonging  to  the  Comanclie 
series.^ 

Although  there  is  believed  to  be  unconformity  between  the  true 
Dakota  sandstone  of  the  Black  Hills  and  the  Lower  Cretaceous  beds 
beneath  them,  still  it  is  not  probable  that  tlie  time  interval  was  very 
great,  and  therefore  it  is  reasonable  to  suppose  that  the  Dakota  sand- 
stones here  represented  lie  near  the  base  of  that  formation  and  corre- 
spond rather  to  some  of  the  "  transition  beds''  of  Kansas  than  to  the 
plant-bearing  horizons  of  the  plains;  and  it  seems  a  fair  presumption 
that  the  latter  are  wanting  in  this  region.  We  should  not,  therefore, 
expect  that  the  flora  of  these  beds  would  be  precisely  the  same  as  that 
which  is  now  so  well  known  as  the  flora  of  the  Dakota  grouj) — that  is, 
we  should  expect  it  to  contain  some  of  the  elements  of  that  flora  along 
with  some  of  those  of  the  underlying  older  floras.  This,  in  fact,  is  just 
what  the  small  collection  made  by  Professor  Jenney  and  myself,  in 
the  vicinity  of  Evans  quarry  in  September,  1893,  reveals,  and  this 
constitutes  all  that  we  thus  far  know  of  the  jdants  of  the  Dakota  group 
in  the  Black  Hills,  Professor  Jenney  not  having  included  any  of  these 
in  his  collection  from  the  Hay  Creek  region  for  reasons  tliat  he  gives. 
We  may  therefore  proceed  at  once  to  the  examination  of  these  plants. 

The  study  that  was  made  of  this  collection  after  my  return,  by  Dr. 
Knowlton  and  myself,  although  characterized  as  careful,"^  was  not  as 
thorough  as  it  might  have  been,  and  I  am  obliged  to  admit  several  mis- 
takes in  the  determinations.  Ko  figures  had  been  prepared  at  that 
time,  and  it  was  only  in  the  cases  where  the  nervation  was  clear  that  we 
could  be  certain  of  its  nature.  In  very  obscure  and  indistinct  speci- 
mens there  is  always  the  liability  to  mistake  meaningless  markings  on 
the  rock  for  nerves.  However  it  may  be  with  other  fossil  remains,  in 
the  case  of  plants,  and  especially  of  dicotyledonous  leaves  with  obscure 
nervation,  but  upon  which  almost  everything  depends,  it  is  wholly 
unsafe  to  attemx)t  to  determine  a  collection  Avithout  drawings,  or  at 
least  pencil  sketches,  made  with  the  aid  of  special  appliances  for  find- 
ing the  nerves  and  following  them  out  to  the  margins  of  tlie  leaves. 
Such  drawings  have  now  been  made,  and  with  their  aid  a  reexamina- 
tion of  the  specimens  has  resulted  in  the  following  determinations, 
which  are  probably  as  correct  as  they  can  be  made  from  the  material 
in  hand. 

'  The  results  of  the  observations  made  by  me  in  company  witli  Mr.  C.  N.  Gould  were  presented  in 
brief  to  the  Geological  Society  of  Washington  on  November  10,  1897,  and  an  abstract  ]>repared  by 
myself  was  ])ublislied  in  Science,  N.  S.  Vol.  VI,  Xo.  ir)2,  for  November  2G,  18'.)7,  pp.  814-815.  A  more 
extended  i)aper  by  Mr.  Gould,  entitled  'On  a  series  of  transition  l)eds  from  tUv.  (Joniain  he  to  the  I )akota 
Cretaceous  in  southwest  Kansas,"  hy  Charles  Newton  Gould,  in  the  American  •Journal  of  Science,  4lh 
series,  Vol.  V,  March,  1898,  pp.  169-175,  sums  up  more  fully  our  joint  observations. 

2  Jour.  Gcol.,  Vol.  II.  No.  3,  April-May,  1894.  p.  2G1. 
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DESCRIPTION^  OF  THE  SPECIES. 

Subkingdom  PTERIDOPHYTA. 
Class  FILICALES  (Ferns). 
,  Genus  ASPLEKIUM  Linnseus. 
ASPLENIUM  DiGKSONiANUM  Heer. 

PI.  CLXX,  Fig.  1. 

1874.  Asplenium  DicJcsoniamun  Heer:  Die  Kreide-Flora  der  arctischen  Zone,  K. 
Svensk.  Vet.-Akacl.  HandL,  Vol.  XII,  No.  6  (Fl.  Foss.  Arct.,  Vol.  Ill,  Abth.  II), 
p.  31,  pi.  i,  figs.  1  (excl.  b.  c.;,  laa,  2,  3,  3b,  4,  5  (excl.  a,  b). 

Several  flue  specimens  of  this  fern^  of  which  the  one  figured  is  a  fair 
sample,  were  obtained  from  the  carbonaceous  shales  overlying  the  hard 
sandstone  at  the  falls  of  the  Minnekahta  Greek  or  Fall  Eiver  on  the 
right  bank. 

This  plant  was  first  described  by  Heer  from  the  Kome  beds  of  Green- 
land (Gault  or  Prgonian),  but  it  also  occurs  in  the  Atane  beds,  which 
are  correlated  with  the  Cenomanian,  and  have  been  supposed  to  be 
nearly  equivalent  to  the  Dakota  group.  It  has  been  found  in  the 
Kootanie  deposits  of  British  America,  in  a  supposed  ^NTeocomian  deposit 
at  Cape  Lisburn,  Alaska,  and  in  the  Amboy  Clays  at  Woodbridge, 
New  Jersey.  It  is  also  one  of  the  few  ferns  that  have  been  found  in 
the  Dakota  group,  where,  liowever,  it  is  rare.  Its  evidence,  therefore, 
considered  by  itself,  would  be  to  put  even  this  uppermost  deposit  in 
the  Lower  Cretaceous,  but  this  is  overcome  by  that  of  the  remaining 
forms.  The  specimens  are  the  best  in  the  collection,  good  and  charac- 
teristic, leaving  no  doubt  on  the  score  of  identity.  They  present  a 
strong  contrast  with  the  few  very  small  and  doubtful  forms  found  by 
us  on  the  slope  of  Red  Caiion  and  figured  on  PI.  CLXII,  Figs.  6,  7,  8 
(see  supra,  p.  664). 

Subkingdom  SPERMATOPHYTA  (Phanerogams). 
Stabdivision  ANOIOSPERMAE. 
Glass  DICOTYLEDONE^. 
Family  FAGrAOE^  (Beech  and.  Oak  family). 
Genus  QTJEKCUS  Linnseus. 
QuERCUS  Wardiana  Lesquereux? 

PI.  CLXX,  Figs.  2,  3. 

1892.  Quercus  Wardiana  Lx. :  Flora  of  the  Dakota  Group,  Mon.  U.  S.  Geol.  Survey, 
Vol.  XVII,  p.  53,  pi.  vii,  fig.  1. 

These  two  specimens  were  collected  from  the  coarse  sandstone  of  bed 
^o.  7  of  my  section,  on  page  258  of  the  Journal  of  Geology  for  April- 
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May,  1894,  Yol.  II,  No.  3,  reproduced  in  this  paper  (supra,  p.  500).  The 
one  represented  by  Fig.  2  of  PI.  CLXX  was  found  in  place  over  Evans 
quarry,  and  the  one  by  Fig.  3  in  the  h^ose  material  thrown  down  in 
uncovering  the  workable  stone,  but  from  the  character  of  the  rock  it 
undoubtedly  came  from  the  same  stratum.  The  rock  is  too  coarse  to 
show  the  finer  nervation,  and  neither  specimen  shows  base,  summit,  or 
margin.  The  determination,  therefore,  as  stated  on  page  262  of  that 
memoir,  must  remain  uncertain.  Still,  the  midrib  and  secondary 
nerves  are  very  distinct,  and  agree  well  with  both  description  and  figure 
as  given  by  Lesquereux,  while  nothing  else  can  be  found  into  which  they 
will  fit.    The  general  aspect  is  that  of  an  oak  of  the  type  of  Q.  Primes  L. 

Family  LA  UPtAOE^E  (Laurel  and.  Sassafras 

family). 

Genus  SASSAFRAS  Nees  and  Eberm. 
Sassafras  Mudgii  Lesquereux. 

PL  CLXX,  Figs.  4.  5;  PI.  CLXXI,  Fig-.  1. 

1868.  Sassafras  Mmhjii  Lx. :  Am.  Jour.  ScL,  2d  ser.,  \o\.  XLVI,  p.  99. 
1874.  Sassafras  Mndnei  Lx. :  Cretaceous  Flora,  Contr.  Foss.  Fl.  West.  Terr.  (Hay- 
den),  VoL  VI,  p.  78,  pi.  xiv,  figs.  3,  4;  pi.  xxx,  fig.  7. 

The  specimens  are  all  without  doubt  from  bed  No.  7  over  the  quarry 
sandstone  at  Evans  quarry,  but  those  rei)resented  by  Fig.  1  of  PI. 
CLXX  and  Fig.  1  of  PI.  OLXXI  were  found  in  the  debris  thrown 
down  in  uncovering  the  quarry.  These  are  in  coarse,  thinly  laminated 
sandstone  shale,  while  the  other  specimen,  represented  by  Fig.  5  of 
PI.  CLXX,  came  from  a  clay  shale  bed  in  i^lace,  which  is  much  finer 
and  shows  the  impression  very  clearly.  The  agreement  with  Les- 
quereux's  figures  is  very  clovse,  and  I  have  compared  it  with  the  original 
specimens.  Our  Fig.  4  of  PI.  CLXX  may  be  comi)ared  with  Lesque- 
reux's  fig.  7  of  pi.  xxx,  and  our  Fig.  5  comes  nearest  to  his  fig.  4  of  pi. 
xiv.  Both  of  the  original  specimens  unfortunately  bear  the  same  num- 
ber (649)  of  the  U.  S.  National  Museum  collection,  but  they  also  bear 
Professor  Lesquereux's  original  numbers,  and  the  former  is  his  No. 
1349,  while  the  latter  is  No.  682.  They  were  (collected  by  Mr.  Charles 
Sternberg  at  Salina,  Kansas,  in  typical  Dakota  sandstone. 

When  I  studied  these  specimens  for  my  paper  on  the  Cretacecms  Rim 
of  the  Black  Hills  (Jour.  Geol.,  Vol.  II,  ]).  262),  I  did  not  make  out  the 
nervation  on  the  coarse  sandstone  of  the  two  si)ecimens  now  shown  in 
Fig.  4  of  PI.  CLXX  and  Fig.  1  of  PI.  CLXXI,  and  from  the  -vneral 
form  I  identified  tlieni  with  Lindera  venusttc  of  Les(iuereu\.  Tiiis  is 
now  seen  to  have  been  an  error.  I  also  wrongly  supi)ose(l  tliat  tlie 
specimen  Fig.  5  of  PI.  CLXX  was  the  same  as  the  others  that  I 
had  referred  to  Aralia  Toirneri  Lx.,and  so  placed  it.  On  ('ai  elnl  (com- 
parison of  tlie  tigures  and  sjx'ciincns  it  is  obvious  that  none  of  them 
represent  that  species,  and  that  they  ditfer  generically  from  one  another. 
19  (;k()I„  I'T  2  15 
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~Family  PLAT  AN  AC  (I^laiie-tree  family). 

Genus  PLATANTJS  Linnseus. 
Platanus  oissoides  Lesquereux? 

PI.  CLXXI,  Fig.  2. 

1892.  Platanus  cissoides  Lx. :  Flora  of  tlie  Dakota  Group,  Mon.  U.  S.  Geol.  Survey, 
Vol.  XVII,  p.  75,  pi.  Ixi,  fig.  3. 

This  is  only  a  fragment,  but  so  far  as  it  goes  it  agrees  witli  the  speci- 
men figured  by  Lesquereux.  It  is  in  a  fine-grained  clay  shale,  which 
shows  the  nervation  clearly.  I  referred  it  doubtfully  to  this  species  in 
my  early  paper,  and  now,  after  a  drawing  has  been  made  and  the  mat- 
ter has  been  subjected  to  a  reexamination,  I  find  myself  unable  to  sug- 
gest another  refereuce.  It  is  a  question  of  letting  it  stand  or  rejecting 
it  entirely,  and  as  it  is  clearly  different  from  anything  else  obtained,  I 
incline  to  the  former  course.  It  was  found  in  place  over  the  quarry 
sandstone  at  Evans  quarry. 

Family  CFLASTR.ACE^  (Staff-tree  family). 
Genus  OELASTROPHYLLUM  Goppert. 
Celastrophyllum  pulchrum  n.  sp. 

PI.  CLXXI,  Figs.  3,  4. 

Leaves  elliptical  in  outline,  4  to  6  cm.  long,  about  3  cm.  wide,  crenate- 
dentate  with  rounded  teeth  to  near  the  base,  i)etioled,  oblique  at  base, 
the  lamina  extending  lower  on  one  side,  rounded  at  the  summit;  mid- 
rib strong,  more  or  less  curved;  secondary  nerves  about  6  on  a  side, 
rather  distant,  irregularly  placed,  leaving  the  midrib  at  an  angle  of 
about  45°,  curving  upward,  the  lower  more  than  the  upper,  so  as  to 
converge  in  crossing  the  blade,  slightly  undulating  or  irregular  in  their 
course,  giving  oft'  a  few  tertiary  nerves  or  nervilles  from  both  sides, 
which  sometimes  join  some  distance  from  the  margin  and  form  an  angu- 
lar arch  or  loop,  from  the  outer  part  of  which  small  nerves  proceed  into 
the  teeth,  sometimes  forking  or  dividing,  the  branches  entering  the 
teeth. 

Fig.  3  of  PI.  OLXXI  represents  a  specimen  from  the  clay  shales 
above  Evans  quarry,  consisting  of  the  lower  part  of  two  leaves  lying 
side  by  side,  with  petioles  complete.  Considerably  more  than  half  of 
one  of  them  is  preserved  and  one  side  of  the  other,  showing  the  nerva- 
tion clearly.  In  searching  for  the  equivalent  of  this  form  I  have  been 
unable  to  find  it  in  the  Dakota  group,  and,  indeed,  I  have  thus  far 
failed  to  find  anything  similar  in  any  published  illustrations.  That  it 
represents  a  Celastrophyllum  is  clear  both  from  the  characteristic  nerva- 
tion and  from  the  general  facies,  and  a  large  number  of  sx^ecies  of  that 
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genus  have  been  described  from  different  formations  ranging  from  the 
okler  Potomac  to  the  Miocene.  In  the  Potomac  formation,  as  I  have 
previously  shown/  it  constitutes  one  of  the  most  comi)lete  series  that 
we  have,  rising  with  slight  modifications  from  one  horizon  to  another, 
from  the  lowest  to  the  highest  beds.  Many  of  these  forms  have  been 
described  and  figured,  but  others  remain  unpublislied.  I  have  studied 
them  all  more  or  less,  and  I  remembered  one  species  in  particular 
obtained  by  me  from  the  Aquia  Creek  series  at  Fort  Foote,  Maryland, 
in  a  bluff  on  the  bank  of  the  Potomac,  to  which  I  had  given  special 
attention,  and  of  which  j^encil  sketches  had  been  made  to  enable  me  to 
make  out  the  exact  nervation.  This  I  knew  must  be  close  to  the  form 
in  question,  and  when  I  compared  it  I  found  them  substantially  iden- 
tical. I  had  gone  so  far  as  to  name  the  Potomac  form  Celastrophylhim 
pulchrum  on  the  labels  without  having  as  yet  written  the  description. 
The  agreement  is  so  close  that  there  seems  no  course  left  but  to  con- 
sider the  Black  Hills  plant  as  the  same  as  the  Maryland  one,  and  I 
here  introduce  one  of  the  figures  already  prepared  (Fig  4.  of  PI. 
CLXXI)  for  comparison.  The  difference  in  the  horizon  points,  along 
with  other  facts,  to  a  low  position  in  the  Dakota  series  for  the  beds 
in  question. 

FamilA-  VITACE^:  (Vine  family). 
Genus  CISSITES  Heer. 
CissiTES  SALiSBURi^FOLius  Lesquereux. 

PL  CLXXI,  Fig.  5. 

1868.  Populites  salishurmfolia  Lx. :  Am.  Jour.  Sci.,  2d  ser.,  Vol.  XLVI,  p.  94. 

1872.  Sassafras  ohtusus  Lx. :  Fifth  Auu.  Rt^pt.  U.  S.  Geol.  Surv.  Terr,  (Hayden)  for  1871, 

p. 303. 

1873.  Sassafras  ohtusus  Lx. :  Sixth  Ann.  Rept.  U.  S.  Geol.  Surv.  Terr.  (Hayden)  for  1872, 

p.  424. 

1874.  Sassafras  obtusum  Lx. :  Cretaceous  Flora,  Coutr.  Foss.  Fl.  West.  Terr..  Pt.  I, 

Rept.  U.  S.  Geol.  Surv.  Terr.  (Hayden),  VoL  VI,  p.  81,  pi.  xiii,  figs.  2-4. 
1876.  Cissites  ohtusum  Lx.  :  Eighth  Ann.  Rept.  U.  S.  Geol.  Surv.  Terr.  (Hayden)  for 
1874,  p.  354. 

1883.  Cissites  saUshurio'folias  Lx. :  Cretaceous  and  Tertiary  Flora,  Contr.  Foss.  Fl. 
West.  Terr.,  Pt.  Ill,  Rept.  U.  S.  Geol.  Surv.  Terr.  (Hayden),  Vol.  Mil,  p.  66. 

This  fine  specimen  was  found  at  the  falls  on  the  right  bank  of  Min- 
nekahta  Creek  or  Fall  Kiver,  below  Evans  quarry,  in  tlie  shales  over- 
lying the  hard  sandstone,  associated  with  AapJenium  Dwk.sonianum 
Heer,  already  recorded.  The  shales  were  so  thin  tliat  they  broke  into 
a  number  of  pieces,  wliich  were  (*areful]y  i)r(\served,  so  that  on  examin- 
ing tlie  material  it  was  possil)le  to  find  an  almost  complete  leaf,  and  for 
a  large  part  of  this  both  surfaces  (counterparts)  are  present.    It  proves 


'  Fifteeuth  Aim.  liopt.  I-'.  S.  (ieol.  Survey,  p.  3t;7. 
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to  be  one  of  the  most  beautiful  specimens  that  have  thus  far  been  found 
of  this  species. 

In  studying*  the  broken  pieces  before  they  had  been  put  together  and 
a  complete  figure  made,  I  was  led  to  compare  it  with  Aralia  Toivneri 
of  Lesquereux,  to  which  it  bears  some  resemblance,  but  upon  a  rein- 
vestigation I  am  satisfied  that  it  is  not  that  plant,  which  does  not  occur 
in  the  collection. 

Our  form  has  the  very  rounded  lobes  of  those  represented  in  the 
Cretaceous  Flora,  pi.  xiii,  and  though  considerably  larger,  most  closely 
approaches  figs.  2  and  3  of  that  plate.  There  is  the  same  tendency  of 
one  of  the  lateral  i)ritnaries  to  curve  outward  more  than  the  other  that 
is  seen  in  fig.  3,  only  this  is  still  more  marked. 

The  general  question  as  to  whether  plants  of  this  type  from  the 
American  Cretaceous  are  really  the  ancestors  of  the  exclusively  Amer- 
ican genus  Sassafras,  or  should  be  referred  to  the  vine  or  the  plane 
trees,  need  not  be  discussed  here.  It  will  suffice  to  refer  to  two  of  my 
early  papers  on  the  subject  published  in  1888  and  1890,  respectively.^ 

CissiTES  INGENS  Lesquereux. 

P].  CLXXII,  Figs.  1,  2. 

1892.  Cissites  ingens  Lx. :  Flora  of  the  Dakota  Group,  Mon.  U.  S.  Geol.  Survey,  Vol. 
XVII,  p.  159,  pi.  xix,  figs,  2,  2a. 

The  specimen  represented  by  Fig.  1  of  PI.  CLXXII  was  collected  at 
the  falls  on  the  right  bank  of  Minnekahta  Creek  or  Fall  Kiver  in  thin 
shale,  which  was  rather  coarse  and  had  very  uneven  partings,  ren- 
dering the  collection  of  specimens  unsatisfactory.  The  nervation  is 
obscure.  The  other  specimen,  Fig.  2,  is  one  that  Avas  picked  up  in  the 
debris  at  the  foot  of  the  cliff  below  Evans  quarry  and  must  have  come 
from  bed  Xo.  7.  It  is  somewhat  more  clear  in  its  nervation,  but  the 
upper  part  of  the  leaf  is  wanting  and  none  of  the  lobes  or  sinuses 
remain.  I  had  labeled  it  Aralia  Towneri,  and  it  is  possible  that  it  may 
represent  Sassafras  Mudgii^  but  I  seem  to  see  a  difference  in  its  general 
aspect  from  the  other  specimens  so  referred.  Both  these  specimens,  so 
far  as  they  go,  agree  almost  perfectly  with  Cissites  ingens  Lx.,  as  shown 
by  the  perfect  specimen  figured  on  pi.  xix,  fig.  2,  of  the  flora  of  the 
Dakota  group.  This  conformity  extends  in  both  cases  so  far  as  to 
include  the  rather  unusual  feature  seen  in  the  opposite  secondary  nerves 
of  the  midrib  or  middle  primary.  I  think  there  is  good  reason  to 
believe  that  both  these  leaves  belong  to  the  same  species  as  those  fig- 
ured by  Lesquereux  from  the  Dakota  group  of  Ellsworth  County,  Kan- 
sas, but  whether  they  are  ancestors  of  the  vine  or  of  the  plane  tree  is 
a  much  more  difficult  question. 


iProc.TT.  S.lfat.  Mus.,  Vol.  XI,  pp.  39-42,  pi.  xvii-xxii,  1888 ;  American  Naturalist,  Vol,  XXIV,  Sep- 
tember, 1890,  pp.  797-810,  pi.  xxviii. 
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Family-  CAPFMFOLIAOE.E  (Hoiie3^STickle  and 

Arrow-wood,  family). 

Genus  YIBURNITES  Lesquereux. 

YiBURNiTES  EvANSANUS  Ward. 

PI.  CLXXII,  Figs.  3,  4. 
1894.    Fiburnites  Evansanus  Ward:  Jour.  Geol.,  Vol.  II,  p.  261,262. 

Leaves  coriaceous,  oblong,  rounded  at  the  summit,  subcordate  or 
truncate  at  the  base,  entire  or  slightly  denticulate,  i)innately  nerved  j 
midrib  strong,  straight  or  slightly  curved;  secondaries  thick,  rather 
near  together,  approximately  jiarallel,  straight  or  slightly  curving 
upward,  somewhat  irregular  in  their  course,  closer  on  one  side  of  the 
midrib  than  on  the  other  and  making  a  different  angle  with  it,  this  angle 
varying  from  SO^  near  the  summit,  where  they  curve  in  toward  the 
ai)ex,  to  60^  near  the  base,  some  of  them  forking  and  others  simj)le, 
the  dichotomy  sometimes  taking  place  near  the  margin  and  sometimes 
near  the  middle  of  the  nerve;  nervilles  distinct  and  numerous,  many  of 
them  percurrent,but  others  joining  and  anastomosing  to  form  triangular 
or  rectangular  meshes. 

In  my  early  paper  I  did  not  give  the  full  character  of  this  S])ecies, 
but  only  i)ointed  out  its  relation  to  the  only  other  two  species  of  the 
genus.  Professor  Lesi^uereux,  as  appears  from  Dr.  Knowlton's  foot- 
note to  page  124  of  the  Flora  of  the  Dakota  Group,  recognized  the 
resemblance  of  the  forms  for  which  the  genus  was  established  to  Pro- 
tophyllum,  and  had  he  not  made  the  genus  Yiburnites  I  should  have 
been  obliged  to  refer  these  forms  to  Protophylluni.  The  difference  is 
perhaps  not  generic,  and  it  is  an  interesting  question  whether  it  points 
to  a  real  relationship  between  the  fossil  Viburnums  and  Protophyllum. 
There  is  scarcely  a  doubt  as  to  the  correctness  of  the  reference  of  many 
of  our  fossU  leaves  to  Viburnum,  and  I  have  found  seeds  of  Viburnum 
associated  with  such  leaves.'  The  similar  nervation  of  many  species 
of  Protophyllum,  and  especially  the  strong  dichotomy  of  the  secondary 
nerves,  has  always  suggested  to  me  an  affinity  between  these  genera. 
As  tlie  systematic  position  of  Protoi^hyllum  has  always  been  a  matter 
of  speculation,  this  i)ossible  connecting  link  in  Viburnites  has  a  special 
interest  for  the  botanist. 

Both  the  si)ecimens  were  found  in  place  in  the  shales  above  Evans 
quarry,  bed  No.  7  of  my  section. 

I  take  pleasure  in  repeating  the  statement  formerly  made,  tliat  the 
specific  name  chosen  for  tliis  plant  was  meant  to  give  some  slight 
expression  of  my  api)reciation  of  the  favors  extended  to  me  and  my 
party  by  Mr.  Fred.  Evans,  of  Hot  Springs,  the  leading  citizen  of  the 
town,  proprietor  of  Evans's  (piarry,  and  a  public  spirited  and  generous 
man. 

'Types  of  the  Laramie  Flora,  Bull.  U.  S.  Geol  Survey,  No.  37,  1887,  p.  in9,  pi.  li,  figs.  4-8. 
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5.  DISTRIBUTION  OF  THE  FLORA. 

Under  the  four  preceding  heads  there  have  been  described  87  distinct 
forms  of  plant  life  from  the  Cretaceous  deposits  of  the  Black  Hills^  viz, 
22  in  the  condition  of  silicified  cycadean  trunks  without  foliage^  1  in 
the  condition  of  silicified  wood  belonging  to  the  Coniferae,  57  in  the 
condition  of  impressions  upon  the  sandstones  and  shales  of  Lower  Cre- 
taceous rocks  of  stems,  leaves,  and  fruits,  and  8  in  the  same  condition 
as  the  last  occurring  in  rocks  of  the  Dakota  group  proper,  or  Upper 
Cretaceous.  One  of  these  latter,  Asplenium  Biclcsoniammi  Heer,  occurs 
in  both  these  beds,  which  accounts  for  the  otherwise  apparent  increase 
in  the  number  to  88  instead  of  87. 

Professor  Fontaine  has  given,  at  the  close  of  his  treatment  of  the 
Hay  Creek  flora  (supra,  pp.  699-702),  a  fairly  complete  summary  of 
the  general  results  of  a  study  of  these  plants,  and  as  this  constitutes  the 
great  bulk  of  the  entire  flora,  there  is  little  to  add  by  way  of  correlation. 

Professor  Jenney  has  also  discussed  certain  questions  arising  out  of 
the  geological  and  geographical  distribution  of  the  plant  remains,  hav- 
ing been  furnished  with  a  copy  of  Professor  Fontaine's  report  in  manu- 
script. It  occurred  tome,  however,  that  a  table  showing  the  distribution 
of  all  the  plants,  not  only  within  the  Black  Hills,  but  throughout  the 
American  beds,  and  also  in  other  countries  wherever  species  previously 
known  have  been  identified  in  the  Black  Hills,  would  afford  any  who 
might  be  disposed  to  do  so  an  opportunity  to  make  general  compari- 
sons and  to  better  understand  the  full  meaning  of  the  data  presented. 

It  will  be  observed  that  the  above  table  is  divided  into  two  principal 
parts,  viz:  First,  that  containing  the  distribution  within  the  Black 
Hills;  and,  secondly,  the  outside  distribution  of  the  species  that  are  not 
new.  So  far  as  the  Hay  Creek  species  are  concerned.  Professor  Fon- 
taine has  sufficiently  dwelt  upon  the  remarkable  features  of  the  distri- 
bution, especially  the  great  number  that  are  common  to  those  beds  and 
the  Potomac  formation.  He  has  also  discussed  the  value  from  a  paleon- 
tological  point  of  view  of  Professor  Jenney's  stratigraphical  subdivi- 
sions. I  will  only  say  on  this  last  head  that  after  a  careful  comparison 
of  his  sections  with  those  that  were  made  by  us  conjointly  in  1893,  I 
have  decided  that  the  plant  bed  which  we  discovered  on  the  eastern 
slope  of  Bed  Canyon,  a  short  distance  west  of  the  principal  fossil  forest, 
some  3  miles  southwest  of  Minnekahta  station,  50  to  75  feet  above  the 
Jurassic,  and  constituting  No.  9  of  our  first  section  (Jour.  GeoL,  Yol. 
II,  p.  255),  must  come  within  his  division  Ko.  4,  while  the  principal 
cycad  bed,  l^o.  12  of  that  section,  which  lies  175  to  200  feet  above  the 
Jurassic  and  about  60  to  100  feet  below  the  base  of  the  Dakota  sand- 
stone, which  is  eroded  away  in  that  region,  probably  comes  within  his 
division  No.  2,  and  is  so  treated  in  the  table.  The  position  of  the  cycad 
bed  in  the  Blackhawk  region  has  also  been  carefully  studied,  and  is 
found  to  occupy  the  same  relation  to  the  underlying  and  overlying 
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strata  as  that  of  Minnekalita.  I  have  therefore  assumed  that  all  the 
cycads  come  from  No.  2,  a  couclusioii  which  is  subject  to  future 
correction. 

Other  forms  of  cycadaceous  vegetation  are  very  scarce,  only  three 
undoubted  species  of  that  type  occurring  in  the  collection.  Two  of 
these,  Zamites  lyrevipennis  Heer  and  Z.  horcaUs  Heer,  are  from  the  Hay 
Greek  region,  and,  as  Professor  Jenney  in  one  of  his  letters  remarks, 
these  were  found  in  divisions  No.  3  and  No.  4.  The  Glossozamites  Fon- 
taineanus  found  by  us  in  Red  Canyon  is  also  referable  to  No.  4.  If 
these  are  the  leaves  of  the  plants  whose  trunks  occur  in  such  great 
abundance  the  two  ought  to  be  found  at  about  the  same  horizon.  Still, 
so  meager  is  the  present  known  tlora  that  no  conclusions  drawn  from  its 
absence  in  certain  beds  can  be  considered  valid.  The  further  fact,  also 
pointed  out  by  Professor  Jenney,  that  the  principal  cycad  bed  is  nearly 
100  miles  south  of  the  Hay  Creek  region  may  possess  some  significance 
for  the  vertical  distribution. 

A  glance  at  the  first  part  of  the  table  serves  chiefly  to  impress  the 
mind  with  the  defectiveness  of  the  record,  and  the  somewhat  orderless 
grouping  of  the  marks  in  certain  parts  of  the  pages  can  scarcely  be 
said  to  furnish  a  basis  for  discussing  the  range  of  the  species.  As  it 
stands,  however,  it  may  be  said  in  general  that  while  most  of  the  ferns 
occur  in  divisions  No.  3  and  No.  4,  most  of  the  true  conifers  are  found  in 
division  No.  2,  and  well  up  in  that.  The  Taxacea^  and  Ginkgoales 
occup3^  a  somewhat  intermediate  position  in  No.  3. 

The  number  of  forms  common  to  the  Black  Hills  Lower  Cretaceous 
and  the  Potomac  formation  greatly  exceeds  those  common  to  it  and  the 
Kootanie;  but  it  must  be  remembered  that  the  present  known  Potomac 
flora  is  many  times  greater  than  the  Kootanie  flora  as  now  known,  and 
it  is  probable  that  this  difference  would  be  ecjualized  were  we  in  pos- 
session of  all  the  data  for  comparison.  A  few  species  occur  in  the 
Amboy  Clays,  Tuscaloosa  formation,  and  Island  series,  i.  e.,  in  the 
Newer  Potomac,  but  these  are  not  sufficient  to  warrant  us  in  assuming 
that  any  of  the  plant-bearing  beds  of  the  Black  Hills  thus  far  found  are 
the  equivalent  of  these  upper  beds.  On  the  other  hand,  as  I  have 
already  pointed  out  (supra,  p.  703),  the  small  flora  known  from  the  Dakota 
sandstone  above  Evans  quarry  and  at  Minnekalita  Falls  indicates  a 
very  low  place  for  these  beds  in  the  true  Dakota  group,  and  would  not 
be  wholly  in.consistent  with  their  reference  to  the  horizon  of  the  Chey- 
enne sandstone  or  lower  Albirupean. 

The  distribution  outside  of  America  is  principally  confined  to  the 
Lower  Cretaceous,  especially  the  Wealden  and  Neocomian,  wliicli  are 
prol)ably  for  the  most  part  parallel  series,  the  name  being  dei)en(lent 
upon  the  character  of  tlie  deposits,  the  Wealden  being  the  estuarine  or 
lacustrine  equivalent  of  th(i  marine  Neocomian  of  various  countries.  It 
is  further  significant  that  all  the  spe(des  of  wide  lateral  and  vertical 
range,  Weichselia  reticulataj  Matonidium  Althausii,  /Sequoia  Keichenbachi, 
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and  SpeJinolepidmm  Kurrianum^  whicli  make  up  the  bulk  of  tlie  foreign 
distribution,  are  primarily  Weal  den  or  Neocomian  species,  and  their 
range  above  and  below  is  merely  the  result  of  the  great  abundance, 
exuberance,  and  persistence  of  these  forms,  or  in  part,  perhaps,  of 
errors  in  determination. 

I  have  frequently  alluded  to  these  facts  and  have  given  the  distribu- 
tion of  the  same  and  other  similar  forms  occurring  in  the  Lower  Cre- 
taceous of  America,^  and  my  only  excuse  for  repeating  them  here,  in  so 
far  as  they  concern  this  paper,  is  that  I  desire  to  make  the  evidence  as 
complete  as  possible,  and  omit  nothing  that  in  any  important  degree 
bears  upon  the  age  of  the  beds  yielding  the  flora  here  recorded.  To  any 
one  competent  to  weigh  this  evidence  there  should  no  longer  remain 
a  doubt  on  the  general  subject,  and  alike  the  original  claim  that  all 
the  sandstones  of  the  Cretaceous  rim  of  the  Black  Hills  belong  to  the 
Dakota  group  ])roper,  or  ^STo.  1  of  Meek  and  Hayden,  and  the  recent  con- 
tention that  the  cycad  and  other  x)lant- bearing  beds  form  a  part  of  the 
Jurassic  may  be  regarded  as  definitively  overthrown. 


iSee  Am.  Jour.  Sci.,  3d  series,  Vol.  XXXVI,  August,  1888,  p.  127;  Fifteenth  A.nn.  Eept.  U.  S.  Geol. 
Survey,  pp.  388-392;  Sixteenth  Ann.  Kept.  U.  S.  Geol.  Survey,  Part  I,  pp.  482-483. 


1 

57 

58 

59 

X 

X 

60 

61 

1 

62 

1 

63 

64 

1 

65 

1 

1 

66 

X 

67 

68 

69 

70 

•  1 

71 

72 

1 

73 

74 

75 

1 

76 

77 

78 

79 

80 

81 

1 

82 

1 

83 

 1   . 

84 

1 

85 

1 

86 

I 

1 

1 

1 

1  ' 

PLATES. 


713 


PLATE  LYTI. 
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PLATE  LVII. 


Oycadean  trunks  from  the  Purbeck  beds  of  the  Isle  of 
Portland^  England,  belonging  to  the  U.  S.  National 
Museum  collection. 

Page. 

Figs.  1,  2.  C ycadeoidea  megalophylla  Buckl   601 

Figs.  3,  4.  C ycadeoidea  microphylla  Buckl   601 

Figs.  5,  6.  Cycadeoidea  portlandica  Carr   601 

Scale,  20  cm. 
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PLATE  LVIII. 


PLATE  LVIII. 


Page. 

Cycadeoidea  MASSEiANA  Cap.  aud  Soims   601 

Scale,  10  cm. 
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PLATE  LIX. 


PLATE  LIX. 


Page. 

Cycadeoidea  Reichenbachiana  (Gopp.)  Cap.  and  Solms   601 

From  a  photograph  of  the  specimen  as  mounted  in  the  Royal  Geological 
Museum  at  Dresden,  furnished  by  Prof.  Dr.  Hans  Bruno  Geinitz. 
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PLATE  LX. 


Group  of  fossil  cycadean  trunks  from  the  Potomac  for- 
mation OF  Maryland,  belonging  to  the  Woman's  College 
of  Baltimore,  collected  by  Mr.  Arthur  Bibbins. 

Page. 


Fig.  1.  Cycadeoidea  M'Geeana  Ward   601 

Fig.  2.  Cycadeoidea  Fontaineana  Ward   601 

Figs.  3,  4,  5.  Cycadeoidea  marylandica  (Font.)  Cap.  and  Solms   601 

Fig.  6.  Cycadeoidea  Uhleri  Ward   601 

Figs.  7-10.  Cycadeoidea  Bibbinsi  Ward.    (See  note  below.)   601 

Fig.  11.  Cycadeoidea  Goucheriana  Ward   601 

Scale,  1  meter. 


In  photographing  the  trunk  represented  by  Fig.  10  it  was  accidentally  in- 
verted 
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PLATE  LXI. 
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PLATE  LXI. 


Group  of  fossil  cycadean  trunks  from  the  Lower  Cretaceous 

OF  THE  Black  Hills. 

Page. 

Fig.  1.  Cycadeoidea  dacotensis  (McBride)  Ward  emend   602 

Fig.  2.  Cycadeoidea  colossalis  n.  sp   602 

Fig.  3.  Cycadeoidea  minnekahtensis  u.  sp   602 

Fig.  4.  Cycadeoidea  pulcherhima  n.  sp.   602 

Fig.  5.  Cycadeoidea  Colei  ii.  sp   602 

Fig.  6,  7.  Cycadeoidea  Paynei  n.  sp   602 

Scale,  1  meter. 
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Cycadeoidea  dacotensis  (McBride)  Ward  emend   602 

Side  view  of  trunk  No.  1,  U.  S.  National  Museum  collection. 
Scale,  10  cm. 
726 


U.  S.  GEOLOGICAL  SURVEY 


NINETEENTH  ANNUAL  REPORT     PART  II     PL.  LXII 


CVCAUEOIUEA  DACOTENblS. 


PLATE  LXIII. 


PLATE  LXIII. 

Page. 

Cycadeoidea  dacotensis  (McBride)  Ward  emend.,  No.  1,  U.  S.  National 

Museum  collection   602 

Fig.  1.  View  of  the  apex,  showing  arrangement  of  scars  in  the  terminal 
bud. 

Fig.  2.  View  of  the  base. 
Scale,  10  cm. 
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Cycadeoidea  dacotensis  (McBride)  Ward  emend 
Side  view  of  trunk  No.  54  of  the  Yale  collection. 
Scale,  20  cm. 
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Page, 

Cycadeoidea  dacotensis  (McBride)  Ward  emend   602 

View  of  the  apex  of  trunk  No.  54  of  the  Yale  collection,  showing  helicoid 

arrangement  of  scars  in  the  terminal  bud. 
Scale,  20  cm. 
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Cycadeoidea  dacotensis  (McBride)  Ward  emend   602 

View  of  the  fractured  side  of  trunk  No.  13  of  tlie  Yale  collection^  showing 

internal  structure,  terminal  bud,  etc. 
Scale,  20  cm. 
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Cycadeoidea  colossalis  n.  sp     603 

Side  view  of  trunk  No.  6  of  the  U.  S.  National  Museum  collection. 
Scale,  20  cm. 
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Cycadeoidea  col<>ssaijs  n.  sji   603 

A'iew  of  the  base  of  trunk  No.  6  of  the  U.  S.  National  Museum  collection. 
Scale,  20  cm.  • 
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Cycadeoidea  colossalis  n.  sp  

Side  view  of  trunk  No.  10  of  the  Yale  collection. 
Scale,  20  cm. 
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CYCADEOIDEA  COLOSSALISn.  sp   603 

View  of  the  apex  of  trunk  No.  2  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  LXXI. 


CyCADEOIDKA  COLOSSALIS  11.  sp  

View  of  the  base  and  interior  of  trunk  No.  17  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  colossalis,  u.  sp   GU3 

View  of  the  base  of  truuk  No.  55  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  Wellsii,  n.  sp  

Side  view  of  trunk  No.  21  of  the  Yale  collection. 
Scale,  20  cm. 
748 


U.  S.  GEOLOGICAL  SURVEY 


NINETEENTH  ANNUAL  REPORT     PART  II     PL  LXXIII 


10  IS 
CENTIMETERS 


CYCADEOIDEA  WELLSII. 


\ 


PLATE  LXXIV. 


PLATE  LXXIY. 


Cycadeoidea  Wellsii  n.  sp  

View  of  the  base  of  trunk  No.  21  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  Wellsii  n.  sp  

Side  view  of  trunk  No.  59  of  the  Yale  collection. 
Scale,  20  cm. 
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CJyCADEOIDEA  MINNEKAHTENSIS  U.  Sp   606 

Side  view  of  tniuk  No.  7  of  the  U.  S.  National  Museum  collection. 
Scale,  20  cm. 
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PLATE  LXXVII. 


Cycadeoidea  minnekahtensis  n.  sp,. 
Trunk  No.  14  of  the  Yale  collection. 

Scale,  20  cm. 
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PLATE  LXXVIII. 


Cycadeoidea  minnekahtensis  n.  sp  

View  of  tlie  external  surface  of  the  slab,  No.  24  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  minnekahtexsis  n.  SJ)  

Fig.  1.  View  of  the  exterior  of  one  of  the  fragments  of  No.  83  of  the  Yale 
collection. 

'  Fig.  2.  View  of  the  fractured  surface  of  fragment  No.  86  of  the  Yale  collec- 
tion, showing  also  the  terminal  bud. 
Scale,  10  cm. 
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Cycadeoidea  pulcherrima  11.  sp   608 

Fig.  1.  View  of  the  perfect  side  of  trunk  No.  3  of  the  U.  S.  National 

Mnseiim  collection. 
Fig.  2.  View  of  the  apex  of  the  same. 
Scale,  20  cm. 
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Pasce. 

Cycadeoidea  pulcherrima  n.  sp   608 

Fragment  No.  78  of  the  Yale  collection,  doubtfully  referred  to  this  species. 
Scale,  20  cm. 
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PLATE  LXXXIII. 


Pasce. 

Cycadeoidea  cicatricula  n.  sp  -   609 

Side  view  of  No.  118  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  LXXXIV. 

CYCADEOIDEA  CICATRICULA  n.  Sp  

Trunk  No.  118  of  the  Yale  collection. 
Fig.  1.  View  of  the  base. 
Fig.  2.  View  of  the  apex. 
Scale,  10  cm. 
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Cycadeoidea  turrita  n.  sp  

No.  82  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  turrit  a  n.  sp  

No.  67  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  turkita  u.  sp  

Side  view  of  No.  49  of  the  Yale  collectiou. 
Scale,  20  cm. 
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PLATE  LXXXVIII. 


777 


PLATE  LXXXVIII. 


Cycadeoidea  turrita  n.  sp   

"View  of  the  base  of  No.  49  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  LXXXIX. 


Cycadeoidea  turrita  n.  sp  

No.  74  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  turrtta  n.  sp   610 

View  of  tlie  fractured  side  of  fragment  No.  15  of  the  Yale  collection, 

allowing  internal  structure. 
Scale,  10  cm. 
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Paea 

Cycadeoidea  McBridei  n.  sp   612 

Side  view  of  tbe  nearly  perfect  trunk,  consisting  of  fragments  Nos,  10 

and  14  of  the  U.  S.  National  Museum  collection. 
Scale,  20  cm. 

784 
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Cycadeoidea  McBridei  d.  sj)   612 

View  of  13 art  of  the  surface  of  fragment  No.  9  of  the  U.  S.  National 
Museum  collection,  to  show  the  leaf  scars,  enlarged  nearly  2  diameters. 
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Cycadeoidea  McBridei  n.  sp   612 

Yiew  of  the  exposed  inner  wall  of  the  ]il)ro-canil)ium  layer  of  fragnient 
No.  16  of  the  U.  S.  National  Museum  collection,  showing  scars  of  the 
vascular  bundles. 
Natural  size. 
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Cycadeoidea  McBridei  u.  sp  

Side  view  of  trunk  No.  23  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  McBridei  11.  sp   612 

View  of  the  decayed  upper  end  of  trunk  No.  23  of  the  Yale  collectioii. 
Scale,  20  cm. 
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CYCADEOIDEA  McBRIDEI  11.  SJ)  

View  of  the  base  of  trunk  No.  23  of  tiie  Yale  collection. 
Scale,  20  cm. 
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CyCADEOIDEA  McBRIDEI  11.  sp   

Yiew  of  the  inner  surface  of  tlie  armor  as  exposed  in  the  fragment  Ko.  27 

of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  McBridei  n.  sp  

Fig.  1.  Trunk  No.  29  of  tlie  Yale  collection,  siqiposecl  to  represent  a 

dwarf  form  of  this  species. 
Fig.  2.  Trunk  No.  53  of  the  Yale  collection,  supx^osed  torej^resent  a  young 

form  of  this  s^^ecies. 
Scale,  20  cm. 
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PLATE  XCIX. 
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Cycadeoidea  McBniDKi  n.  s})   612 

View  of  the  external  snrfaee  of  Xo.  110  of  the  Yah>  collection. 
Scale,  10  cm. 
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PLATE  C. 


Page. 

Cycadeoidea  McBkidei  n.  sj)   612 

View  of  the  exposed  inner  wall  of  the  woody  zone  and  sections  of  the 

armor  and  axis  of  No.  110  of  the  Yale  collection. 
Scale,  10  cui. 
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PLATE  CI. 


PLATE  CI. 


CyCADEOIDEA  MaRSHIANA  11.  sp   

Side  view  of  trunk  No.  11  of  the  Yale  collectiou 
Scale,  20  cm. 
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Cycadeoidea  Marshiana  n.  sp   616 

View  of  the  under  surface  of  Trunk  No.  11  of  the  Yale  collection. 
Scale,  20  cm. 
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CYCADEOIDEA  MaRSHIANA  11.  sp  

Front  view  of  trunk  No.  11  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  CIV. 


PLATE  CIV. 


Cycadeoidea  Marshiana  n.  sp  

View  of  the  branch  No.  47  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  CV. 


PLATE  CV. 


Cycadeoidea  Marshianaii.  ep  

Side  view  of  trunk  No.  33  of  the  Yale  collection. 
"Scale,  20  cm. 
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PLATE  CVI. 


Paga 

Cycadeoidea  ruRCATA  n.  sp   618 

View  of  the  rounded  side  of  trunk  No.  60  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  CVII. 
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PLATE  CVII. 


Cycadeoidea  furcata  n.  sp   

View  of  the  flat  side  of  trunk  No.  60  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  furcata  n.  sp  

View  of  the  outer  surface  of  trunk  No.  18  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  furcata  n.  sp   618 

View  of  the  base  of  trunk  No.  18  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  Colei  11.  sp   619 

Side  view  of  No.  2  of  the  U.  S.  National  Museum  collection. 
Scale,  20  cm. 
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PLATE  CXI. 


PLATE  CXI. 

Cycadeoidea  Colei  n.  sp  

Side  view  of  No.  48  of  the  Yale  collection. 
Scale,  20  cm. 
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CYCADEOIDEA  COLEI. 


PLATE  CXII. 


platp:  cxii. 


Cycadeoidea  Colei  n.  sp  

Fragment  No.  12  of  the  Yale  collection. 
Scale,  20  cm. 
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CYCADEOIDEA  COLEI 


PLATE  CXIII 


PLATE  CXIII. 


Cycadeoidea  Paynei  n.  sp  

Trunk  No.  4  of  the  U.  S.  National  Museum  collection 
Fig.  1.  Side  view. 
Fig.  2.  View  of  the  base. 
Scale,  20  cin, 
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CYCADEOIDEA  PAYNEI. 


PLATE  CXIV. 


PLATE  CXIV. 


Cycadeoidea  Paynei  n.  sp  

Trunk  No.  5  of  the  U.  S.  National  Museum  collection 
Fig.  1.  Side  view,  also  showing  the  apex. 
Fig,  2.  View  of  the  base. 
Scale.  20  cm. 
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Cycadeoidea  Payxei  n.  sp   620 

Trunk  No.  5  of  the  U.  S.  National  Museum  collection.    View  of  the  inte- 
rior from  a  longitudinal  section  through  the  center. 
Scale,  20  cm. 
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PLATE  CXVI. 


Cycadeoidea  Wielandi  n.  sp  

Side  view  of  trunk  No.  77  of  the  Yale  collection. 
Scale,  20  cm. 
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PLATE  CXVII. 


CyCADEOIDEA  ASPERA  11.  sp  

No.  104  of  the  Yale  collection. 
Fig.  1.  External  surface. 

Fig.  2.  Inner  face,  showing  armor  and  axis  in  longitudinal  section. 
Scale,  20  cm. 
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Cycadeoidea  ixsoLiTA  n.  sp   625 

Fig.  1.  Partially  lateral  \ievr  of  trunk  No.  64  of  the  Yale  collection. 
Fig.  2.  View  of  tlie  base  of  the  same  specimen. 
Scale,  20  cm. 
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PLATE  CXIX. 


PLATE  CXIX. 


Cycadeoidea  insolita  n.  sp  

Fig.  1.  View  of  tlie  interior  of  trunk  No.  64  of  the  Yale  collection. 

Fig.  2.  View  of  tlie  external  surface  of  fragment  No.  50  of  the  Yale  collec- 
tion. 

Scale  20  cm. 
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Cycadeoidea  occidentalis  n.  sp   626 

Enlarged  view  of  a  polished  section  through  the  armor  and  "svoody  zone 
of  fragment  No.  11  of  the  U.  S.  National  Museum  collection,  showing 
internal  structure,  including  one  of  the  fruits  cut  longitudinally. 
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Cycadeoidea  Jenneyana  Ward   627 

Specimens  belonging  to  the  State  School  of  Mines  of  South  Dakota. 
Fig.  1.  Longest  side  of  specimen  No.  1,  representing  the  lower  j)ortion. 
Fig.  2.  Longest  side  of  specimen  No.  2,  representing  the  upper  portion. 
Scale,  20  cm. 
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Cycadeoidea.  Jenneyana  Ward   627 

Specimens  belonging  to  the  State  School  of  Mines  of  South  Dakota. 
Fig.  1.  Shortest  side  of  specimen  No.  1,  representing  the  lower  portion. 
Fig.  2.  Shortest  side  of  specimen  No.  2,  representing  the  upper  portion. 
Scale,  20  cm. 
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PLATE  CXXIII. 


PLATE  CXXIII. 


Cycadeoidea  Jknneyana  Ward  

Specimens  belouging  to  tlie  State  School  of  Mines  of  South  Dakota. 
Fig.  1.  View  of  the  base  of  specimen  No.  1,  representing  the  true  base 
of  the  trunk. 

Fig.  2.  View  of  the  apex  of  sijecimen  No.  2,  showing  the    crow's  nest." 
Scale,  20  cm. 
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C YCADEOiDEA  Jenneyana  Ward   627 

Specimens  belonging  to  the  State  School  of  Mines  of  South  Dakota. 
Fig.  1.  View  of  the  upper  end  of  specimen  No.  1,  representing  the  lower 
portion. 

Fig.  2.  View  of  the  lower  end  of  specimen  No,  2,  representing  the  upper 
portion. 

(Between  these  a  segment  of  unknown  thickness  is  wanting.) 
Scale,  20  cm. 
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Cycadeoidea  Jenneyana  Ward   627 

Specimens  belonging  to  the  State  School  of  Mines  of  South  Dakota. 
Restoration  of  the  original  trunk  by  superposing  No.  2  upon  No.  1  with  an 
interval  between  to  supply  the  lost  parts,  the  dotted  lines  carried  around 
the  margin  of  No.  2  to  represent  the  amount  of  loss  by  erosion. 
Scale,  20  cm. 
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PLATE  CXXVI. 
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Cycadeoidea  Jenneyana  Ward   627 

View  of  the  polished  surface  of  No.  1501  of  the  Woman's  College  of  Bal- 
timore, showing  leaf  bases  and  fruits  in  cross  section. 
Natural  size. 
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Cycadeoidea  Jenneyana  Ward  

Side  view  of  No.  102  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXXVIII. 


Cycadeoidea  Jenneyana  Ward . .  

View  of  the  base  of  No.  102  of  the  Yale  collection. 
Scale,  10  cm. 
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CYCADEOIDEA  JENNEYANA 
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PLATE  CXXIX. 


Cycadeoidea  Jenneyana  Ward  

View  of  the  transverse  fracture  at  top  of  No.  102  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXXX. 


PLATE  CXXX. 


Cycadeoidea  Jenneyana  Ward  

Side  view  of  No.  115  of  the  Yale  collectiou. 
Scale,  10  cm. 
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Cycadeoidea  Jenneyana  Ward?   627 

View  of  ISfo.  91  of  the  Yale  collection  from  the  side  which  best  shows  the 

terminal  bud. 
Scale,  10  cm. 
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PLATE  CXXXII. 


Page. 

Cycadeoidea  Jenneyana  Ward   627 

View  of  the  outer  surface  of  No.  120  of  the  Yale  colleGtiou. 
Scale,  10  cm. 
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Cycadeoidea  ingens  u.  sp  

Side  view  of  trunk  No.  100  of  the  Yale  collectiou. 
Scale,  10  cm. 
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Cycadeoidea  ingens  n.  sp  

View  of  the  base  of  No.  100  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  ingens  n.  sp   632 

View  of  the  apex  of  No.  100  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXXXA^T. 


PLATE  CXXXVI. 


Cycadeoidea  ingens  n.  sp  

Side  view  of  No.  103  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  ingens  n.  sp   632 

View  of  the  transverse  fracture  at  top  of  specimen  No.  103  of  the  Yale 

collection,  showing  the  axis  with  hollow  center. 
Scale,  10  cm. 
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Cycadeoidea  INGENSn.  sp   632 

Side  view  of  No.  117  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXXXIX. 


C  ycadeoidea  ingens  n.  sp  

View  of  the  base  of  No.  117  of  the  Yale  collectiou. 
Scale,  10  cm. 
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PLATE  CXL. 


PLATE  CXL. 


Cycadkoidea  ingens  n.  sp  

View  of  a  portion  of  tlie  exterior  and  part  of  tlie  exposed  surface  of  the 

medulla  No.  94  of  tbe  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  ixgens  n.  sp   632 

View  of  the  transverse  fracture  of  the  upper  side  of  No.  94  of  the  Yale  col- 
lection. 
Scale,  10  cm. 
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PLATE  CXLII. 
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Cycadeoidea  ingens  n.  sp  

Side  view  of  No.  123  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXLIII. 


Cycadeoidea  ingens  u.  sp  

View  of  the  base  of  No.  123  of  the  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXLIV. 


CyCADEOIDEA  FORMOSA  11.  sp  

Side  view  of  trunk  No.  89  of  the  Yale  collection. 
Scale,  10  cm. 
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Cycadeoidea  FORMOSA  11.  sp   634 

View  of  the  base  of  No.  89  of  the  Yale  collection. 
Scale,  10  cm. 
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CyCADEOIDEA  FORMOSA  11.  sp  

View  of  tlie  apex  of  No.  89  of  tlie  Yale  collection. 
Scale,  10  cm. 
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PLATE  CXLVII. 


Pa<ie. 

Cycadeoidea  Stillwelli  n.  sp   635 

Side  view  of  Stillwell  fragment  No.  2  of  the  U.  S.  National  Museum  collection. 

Scale,  10  cm.        -   .    '   •  ' 
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Cycadeoidea  Stillwelli  u.  sp   635 

Trunk  No.  36  of  the  Yale  collectiou. 
Fig.  1.  Side  view. 

Fig.  2,  View  of  tlie  trims  verse  fracture  at  lower  eud  of  Hpecimen. 
Scale,  20  cm. 
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Cycadeoidea  Stillwelli  n.  sp  

Trunk  No.  56  of  the  Yale  coUectiou.  Side  view  showing  the  exposed  sur- 
face of  the  medulhi  and  the  corresponding  inner  wall  of  the  woody  zone 
in  the  detached  fragment. 

Scale,  10  cm. 
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PLATE  CL. 


Cycadeoidea  Stillwelli  n.  sp  

Two  views  of  opposite  sides  of  trunk  No.  105  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  Stillwelli  n.  sp   635 

No  107  of  the  Yale  collection. 

P'iG.  1.  View  of  the  side  on  whicli  the  scars  are  most  distinct. 
Fig.  2.  View  of  the  oblique  base  and  broadest  side. 
Scale,  20  cm. 
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PLATE  CLII. 

Cycadeoidea  Stillwelli  n.  sp  

No.  119  of  the  Yale  collection. 
Fig.  1.  Side  view. 
Fig.  2.  View  of  the  base. 
Scale,  20  cm. 
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Cycadeoidea  excelsa  n.  sp   637 

View  of  the  best  preserved  side  of  the    Noble  Cycad"  of  the  U.  S.  National 

Museum  collection. 
Scale,  20  cm. 
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Cycadeoidea  excelsa  u.  sp   637 

View  of  tlie  somewhat  decayed  side  of  the  **Nobh^  Cycad'^  of  the  l^.  S. 

National  Museum  collection. 
Scale,  20  cm. 
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Cycadeoidea  excelsa  n.  sp  

View  of  tlie  base  of  the  ''Noble  Cycad"  of  the  U.  S.  National  Museum 

collectiou. 
Scale,  20  cm. 
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PLATE  CLVI. 

Paffe 

Cycadeoidea  nana  n.  sji  i . .  G39 

Two  views  of  different  sides  of  trunk  No.  84  of  the  Yale  collection. 
Scale,  20  cm. 
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Cycadeoidea  nana  11.  sp   639 

Yievr  of  the  base  of  trunk  Xo,  84  of  the  Yale  collectioii. 
Scale,  10  cm. 
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PLATE  CLVTII. 


PLATE  CLVIII. 


Figs.  1-4.  Arattcarioxylon  Hoppertox.e  Ku.  n.  sp  

Fig.  1.  Radial  section  showing  bordered  pits  covering  entire  wall.  X  320. 
Fig.  2.  Radial  section  showing  walls  with  one  i:ow,  or  cha>nging  to  two 

rows,  of  bordered  jiits.    X  320. 
Fig.  3.  Tangential  section  showing  wood  cells  and  mednllary  rays.    X  90. 
Fig.  4.  Radial  section  showing  wood  cells  and  longitudinal  section  of 

medullary  rays.     X  90. 
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Figs:  1-4.  Akaucarioxylon  Hopperton.e  Kn.  u.  sp   644 

Fig.  1.  Eadial  section  showiug*  portion  of  medullary  rays  "with  minute 

bordered  pits.  X.320. 
Fig.  2.  Tangential  section  showing  ends  of  medullary  rays.    X  320. 
Fig.  3.  Transverse  section  showing  portions  of  fall  and  spring  wood. 
X  320. 

Fig.  4.  Radial  section  showing  portion  of  very  broad  wood  cell  with  two 
rows  of  nearly  circular  bordered  pits,    X  320. 
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Fig.  1.  Equisetum  viRGiNicuM  Font  1   650 

^  Figs.  2-4.  Weichselia  eeticulata  (Stokes  and  Webb)  Ward   651 
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fault  block  at  -   464 
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Dana,  J.  D.,  cited   500,  575 
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Dinosaur  beds,  location  and  horizon  of   573 

Dorsett  s  (Mrs.)  ranch,  Black  Hills,  Wyo- 
ming, Cretaceous  beds  at   579,581,648 

Drive  wells  and  open  Avells,  comparative 

rat<'S  of  jiumping  from   292-293  [ 

Drive- well  points,  rateoftiow  of  water  into. 290-292 
Dry  Bridge,  Chesterfield  County,  Virginia, 

fault  near   486 

Dryoleates   573 

Dutch  Gap  Canal,  Virginia,  fossil  plant 
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cleavage  at   490 

Ettingshausenia  Stiehler   531 

Evans,  Fred.,  acknowledgments  to   709 

Evans  quarry.  Black  Hills,  location  of        552,  558 

section  at   559-560 

fossil  plants  collected  at  and  near   578, 

638,  703,  705,  706,  708,  709,  711,  712  (table) 
Exogyra   567,  646 

Fagaceao   688,704-705 
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determination  of  fossil  plants  by   543, 

5-15,570,582,710 
reporton  Lower  Cretaceous  plants  from 

Hay  Creek  coal  fleld,  Wyoming, 

by   645-694 

theory  of  structure  of  Richmond  Basin, 
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depth  of   71 

elevation  by  rainfall  of  surface  of  100-106 
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summary  of  theoretical  investigation  of 

motion  of   301-304 

thermal  movements  of  81-85 

time  required  to  raise  and  lower  level 

of   274-276 

See  also  Water. 

Gymnospermae   598-641, 

644-643,  665-687 

H. 

Haan,  D.  Biereus  de,  cited   356 

Hagen,  G.,  cited  on  flow  of  water  through 

porous  media   178 

Hall,  C.  W.,  cited   539 

Hall,  James,  and  Meek,  F.  B.,  cited   530 

Hallopus  beds,  locality  and  horizon  of   573 

Hatcher,  J.  B.,  remains  of  Barosaurus  found 

by   572 

Hay  Creek,  Wyoming,  course  of   565 

fossil  plant  locality  near   596,  646 

fossil  plants  from  locality  near  712  (table) 

sections  on  South  Fork  of   582,  583 

Hay  Creek  coal  field,  Wyoming,  general  sec- 
tion of  strata  in   593 

geologic    age  of  Jurassic-Cretaceous 

strata  of   700-702 

location  of   646 

Potomac  formation  compared  with  . .  570-579 

Potomac  facies  of  flora  of   574-575 

report  of  field  observations  made  by 

W.  P.  Jenney  in   566-593 

sections  of   579-587,  591 

Hay  Creek  coal  formation,  name  proposed . .  593 
Hay  Creek  region,  Wyoming,  beds  and  fos- 
sils in    565-593 

Black  Hills,  fossils  of  thedififerent  hori- 
zons of   697-698 

geological  age  of  strata  between  the 
Dakota  sandstone  and  the  Jurassic 

in    700-702 

Black  Hills,  localities  at  which  fossils 

should  be  collected   697 

Wyoming,  map  of   566 

silicified  wood  from   642 

Hayes,  C.  W.,  paper  on  physiography  of  the 

Chattanooga  district  by   1-58 

Hayes,  C.  W.,  and  Campbell,  M.  R.,  cited   33, 

36,46,415 

Hayden,  F.  V.,  cited   530-540,  568,  569 

Hazen,  A.,  cited   329 

Heer,  Oswald,  cited   539,  653, 

656,  657,  658,  664,  665,  668,  672,  673,  675,  676,  682 

Heinrich,  Oscar,  cited   424,  433 

Heim  and  de  Margerie,  cited   467,  468 

Helmhoitz,  H.  von,  cited   350 

Hettangia   531 


INDEX 


953 


(  Paga 

High  Hill,  Virginia,  geologic  section  on   477 

Highland  Rim   of  Southern  Appalachian 

province,  features  of   13, 14 

Highland  Rim  peneplain,  characters  of  29-30 

Hill,  R.T.,  cited   647 

Holzmiiller,  Gustav,  cited   344 

Honeysuckle  family   709 

Hotchkiss.  Jed,  cited   490 

Hot  Springs,  South  Dakota,  fossil  plants  ob- 
tained at  and  near   544, 

546,  629,  638,  712  (table),  5()7 

plant-bearing  beds  near   578 

section  near   559-560 

Hunt,  T.  S terry,  cited   436 

Hunt,  W.  P.,  exploration  of  Black  Hills  by.  528 
HymenophyllaceiB   651 


I. 


India,  fossil  plants  from  the  Lias  of. . .  712  (table) 
Igneous  injections,  elFect  of  carbonaceous 

strata   411-413 

Igneous  j'ocks,  Richmond  Basin   495-504 

Irving,  "Washington,  cited   528-529 

Island   series,  Potomac   formation,  fossil 

plants  from   712  (table) 

Isle  of  Portland,  England,  fossil  cycads 

from   541,  601,  628,  716 

Italy,  fossil  plant  remains  from. . .  712  (table),  718 

J. 

Jackson,  C.  T.,  cited   432 

James  River,  Virginia,  alluvial  plain  of   512 

fall  line  on   393 

fossil  plants  from  Lower  Cretaceous 

of   712  (table) 

geologic  structure  near   466-484 

structure  of  border  of  Richmond  Basin 

near   456 

Japan,  fossil  plants  from. .  .654,  655,  701,  712  (table) 
Jenney,  Mary  Hopperton,  silicified  wood 

found  by   643,  645 

Jenney,  "\V.  P..  aid  by   542, 

543,  544-545, 552,  565,  613,  629,  645 

cited   560-562,566,567, 

oGH,  642,  646,  647,  648,  652,  659,  661,  686,  711 

plant  remains  collected  by   567, 

595,  6()3,  642,  648,  664,  667,  675 
r«'port  of  field  observations  in  Hay 
Creek  coal   field,  Wyoming,  pre- 
pared by    568-593 

Ji-nney,  W.  P;,  and  Newton,  Henry,  cited . . .  536 

Jet,  Richmond  Basin,  occurrence  of   436-437, 

510,  511 

Jewett's  coke  sliaft,  liii  linioml  Iliisin,  plan 

and  .section  at   429-430 

Jurassic  of  I'la<  k  Hills.  liiHtorv  ot   588-589 

Jurassir  of  I'ortiigal,   tossil  plants  froin.  712 

(table) 

.loitit  ruslM'.s  and    ferns  from    Ctt  tactoud 

l)e«lrt  of  the  r.Iack  Hills  ;)22-:)2i 

Jura.s.sic  (Jr<  taf  «  oiiH  phint.s,  list  of   098 

JurasHic-Cn'tareons  .strata  of  Ilay  Creek 

coalfield,  Montana,  Mi»ecific ageof.  700-702 


Page. 


Each,  India,  fossil  plants  from   694, 

696,  712  (table) 

Kanab  Valley,  Utah,  fossil  plants  from.  712  (table) 

Kansas,  fossil  plants  from   712  (table) 

Keith,  A.,  cited   27 

King,  F.  H .,  cited   303.  325 

paper  on  principles  and  conditions  of 

movements  of  ground  water  by .. .  59-293 

Knorr,G.W.,  cited   601 

Knowlton,  F.  H..  cited   436, 

437, 543,  642,  643,  644-645,  709 
report  on   fossil  wood  of  Richmond 

Basin  by   516-519 

Kome  beds,  Greenland,  fossil  plants  from. .  664, 
665,  673,  701,  704,  712  (table) 

Kootanie  group,  fossil  plants  from   540, 

665,666,704,712  (table) 


Laccopteris  Gcepperti  (Ett.)  Schimp   653 

Laccopteris  polydactyla  (Giipp.)  Sap   053 

Lamb,  Horace,  cited   318,  319,  320,  335 

Larrabee  and  Young  coal  mines,  section  at.  583 

fossil  plant  locality  near   048,  649 

Larrabee  s  shaft,  Barrett,  Wyoming,  fossil 

plants  from   584,  666,  712  (table) 

fossil-plant  locality  at   649 

Lauraceae   705 

Laurel  family   705 

Lednice  Galicia,  fossil  cycad  from    601 

Leedy,J.M.,  fossil  cycads  collected  by.  545,561,  562 

Leidy,  Joseph,  cited   532,  533,  535 

Lepidodendron  Sternberg   679 

Leptostrobus  Heer   67  l-tt7.'J,  700 

Leptostrobus  ?  alatus  Ward,  n-sj)   673, 

698,  712  (table),  928 

Leptostrobus  longifolius  Font   670, 

67 1-67;{,  675,  698,  700,  712  (table),  928, 932 

Lejttostrobus  rigida  Heer   672 

Lesley,  J.  P.,  theory  of  structure  of  Rich- 
mond Basin  proposed  by   448 

Lesquereux,  Leo,  cited   539, 

680, 681, 705,  706, 708,  709 

Lignite.  Richmond  Basin   436-437 

Lindera  venusta  Lx   7U5 

Lindley  and  Hutton,  cited   640 

Lippincott,  J.  B.,  aid  by   253 

cited   253-254 

Livingston,  Montana,  fossil  i)lants  from   712 

(table) 

Lonchoi)tei is  Hiittoni  Presl   651 

Lonchopteris  ^lantelli  Brongn   651,  652 

Lonchopteris  recentior  (Ett.)  Scheuck  . . .  651,  652 

Los  Angeles  River,  rate  of  growth  of   250-253 

contour  niaj),  showing  level  of  grojind 

water  surfac<!   252 

Lower  Cretaceous  deposits  of  the  Black 

Hills,  stratigraphic  ])08itioi)  of  .  . .  572-574 
Lower  Cretaceous  beds,  Ilay  Creek  region, 

W\  oming,  absence  of  fossils  in . . .  576-1379 

Ludlow,  William,  cited   535 

Lueger,  ().,  cited   329 

Lycopodiacoa-   <i'.U.  095 

Lycopo<liteH  ?  sp.  Dunk   ....  681 


954 


INDEX. 


Page. 

.Lyell,  Cliarleg,  cited   431,  433, 443, 497,  498,  499 

tlieory  of  structure  of  Richmond  Basin 

proposed  by   446 

Manaliin,  Virginia,  coal  mines  at   430 

geologic  section  near   470-474 

geologic  structure  near   464,  490-491 

Mantell,  G.  A.,  cited   433 

Marble,  rate  of  flow  of  water  through  133-134 

Margaritana  nebrascensis   569 

Marsh,  O.  C,  Atlantosaurus  beds  of   561, 

566,  567,  572,  576 

cited   572,573 

cycadean  trunks  collected  and  studied 

by   546-547,  563,  606,  623 

fossil  cycad  named  for   617 

Maryland,  fossil  plants  from  Cretaceous 

of   712  (table) 

cycadean  trunks  from  Potomac  forma- 
tion of   m 

Matawan  formation.  New  Jersey,  fossil 

plants  from   712  (table) 

Matonidium  Schenk   653-654 

Matonidium  Althausii  (Dunker)  "Ward . . .  653- 
654,  698,  700,  711, 712  (table),  m 

Matonidium  Gcepperti  (Ett.)  Schenk   653 

Matties  Peak,  section  of   554 

fossil  plants  collected  near   645 

Maxwell,  Clerk,  cited   335 

McBride,  T.  H.,  cited   542,  614 

fossil  cycad  named  for   613 

McBride,  Mr.,  fossil  cy  cads  obtained  from.  595,  629 

McGee,  W  J,  cited   506 

McGillycuddy,  V.  T.,  acknowledgments 

to   562,628 

Meek,  F.  B.,  cited   531,  568-569 

Meek,  F.  B,,  and  Hall,  James,  cited   530 

Meek,  F.  B.,  and  Hayden,  F. V., cited. .  531,  532-533 

Merrill,  G.  P.,  cited   427 

Meyer,  O.  E.,  cited   200-202, 325,  329 

Midlothian,  Virginia,  analysis  of  fish-scale 

bed  at   432 

annelid  burrows  in  shale  at   435 

cleavage  in  rocks  near   490 

geologic  section  at   454 

geologic  section  through   47^ 

Midlothian  mining  district,  Virginia,  geo- 
logic map  of  

geologic  structure  of   4^^q 

notes  on  map  of   43O 

Minnekahta  Canyon,  section  through   S60 

Minnekahta  Falls,  Black  Hills,  fossil  plants 

from  559,  704,  707, 708,  712  (table) 

Minnekahta  region.  Black  Hills,  Cretaceous 

beds  and  fossils  of   551-560 

fossil  plants  from   603  605 

606,  608,  609,  612,  615,  618^  619^ 
620,  621,  626,  627,  632, 636,  645 

South  Dakota,  map  of   55^ 

Minnekahta  Station,  South  Dakota,  fossil 

plants  from  localities  near  712  (table) 

Monadnock,  definition  of   22 

Monadnocks,  Chattanooga  district   28,30 

Montana,  fossil  plants   from  Cretaceous 

of  -  712  (table) 


Page. 

Moore,  Homer,  fossil  cycads  obtained 

from   594,629 

MoracetB   689-690 

Moravia,  fossil  plants  from  the  Cenomanian 

of   71  (table) 

Moreton  Bay  pine.:   670 

Morrison,  Colorado,  fossil  plants  from.  712  (table) 
Mosley  Junction,  Virginia,  geologic  struc- 
ture near   462-463 

Mount  Vernon  series,  Virginia,  fossil  plants 

from   712  (table) 

Mulberry  family   689-690 

Murchison,  E,.  I.,  cited   500 

]vr. 

Nageia  Gaertner   691,  692 

Nageia  Blumei  Endl   692 

Nageiopsis  Fontaine.  665,  666,  683-684,  691,  692 

Nageiopsis  angustifolia  Fontaine?   684, 

698,712  (table),  535 

Nageiopsis  longifolia  Fontaine?   683-684, 

691,698,712  (table),  535 
Nebraska,  fossil  plants  from  Dakota  group 

of   712  (table) 

Neuropteris  flexuosa  Sternb   667 

Newark,  geologic  use  of  term   396,  399 

Newark  area  of  Virginia,  comparison  of 

northern  Newark  areas  with   396-398 

conditions  of  deposition  of  beds  of. . .  399-409 

contact  of  gneiss  and  shales  in   i62 

cross-bedded  sandstone  in   iiO 

former  extent  of  413-414 

thickness  of  strata  in   443 

Newark  time,  climatal  conditions  of  416-417 

Newberry,  J.  S.,  cited   431, 

530-531,  533,  536,  539,  540 
Newcastle  coal.  Hay  Creek  coal  field,  Wyo- 
ming  571-572 

Newell,  F.  H.,  aid  by. . .  67,  94, 124-128,  250,  287,  441 
theory  of  structure  of  Richmond  Basin 

proposed  by   450 

New  Jersey,  fossil  plants  from.  Lower  Cre- 
taceous of   712  (table) 

Newton,  Henry,  cited   536-538,  568,  569 

Newton,  Henry,  and  Jenney,  W.  P.,  cited. . .  536 
Nuttall,  Thomas,  cited   436 

O. 

Oak  family   688,704-705 

Oak  Creek,  "Wyoming,  fossil  plant  localities 

near   581,582,646,648 

fossil  plants  found  near   653,  655, 

657,  666,667,  671,  672,  674, 676, 
681,  682,  689,  690,  712  (table) 

sections  near   579,  581 

Oak  Creek   beds,  "Wyoming,  name  pro- 
posed   593 

Oil  (kerosene),  rate  of  flow  through  sand- 
stone  124-131 

Oldham,  R.  D,,  cited   428 

Omphalomela  scabra   695 

Onychiopsis  Mantelli  (Brongn.)  Sew   660 

Onychiopsis  Tokoyama   657 

Oolite,  fossil  plants  from  the  712  (table) 


INDEX. 


955 


Pa-e. 

Open  wells  and  drive  wells,  comparative 

rates  of  punipirg  from   292-293 

Osmundacea'   651 

Ostrea  532,  567,  647 

Otozamites  major   695 

Oto/.amites  Beanii  (L.  and  H.)  Bron<;n   667 

Otterdak'.   Virginia,  occurrence  of  fossil 

wood  near   435-436 

Otterdale    sandstones,    Richmond  Basin, 

Ic a t n r 0 s  o f   435-437 


Pacbypbyllum  Saporta   695 

Pacliy{)teris  Bronguiart   662 

Paliidina    532 

Parkers  Peak,  Black  Hills,  fossil  plant 

localities  near   555,  556,  557,  595,  596 

sections  at  and  near   557,  558 

Patoot   beds,   Greenland,   fossil  plants 

from  712  (table) 

Payne,  :Mr.,  aid  by   552,  594,  607,  613 

fossil  cycad  named  for   621 

Peace  River,  British  America,  fossil  plants 

from   712  (table) 

Pecopteris  Brongniart  654-C56 

Pecopteris  Althausii  Dunk   653 

Pecopteris  Auerbachiana  Rouillier   651 

Pecopteris  borealis  Brongn  655-656, 

698,701,  712  (table),  52^ 

Pecopteris  Conybeari  Dunk   653 

Pecopteris  elegans  (Gopp.)  Brongn   653 

Pecopteris  explanata  Trautschold   653 

Pecopteris  Geyleriana  Nath   651, 

654.655, 698,  700,  712  (table),  922 
Pecopteris  Murchisoniana  (Gopp.)  Auer- 

bach  and  Freers   651 

Pecopteris  polj-dactyla  Gopp   653 

Pecopteris  reticulata  Stokes  and  TTebb   651 

Pecopteris  sp.  Aiierbach   651 

Pecopteris  virgiiiiensis   656 

Pecopteris  Zipi)ei  Corda   664 

Pectunculus   530 

Peneplain,  definition  of   22 

Peneplains,  origin  of   32 

Penro.se,  R.  A.  F.,  cited   433 

Phanerogan)S   50S- 

64 1 ,  644.645,  665-691 ,  704-700 

Pharella  ?  dakotcnsis   537,  569 

Phtt-nicopsis  Heer   668 

Physiographic  terms,  definitions  of   21 

Pie<lmont  Plain,  features  of   11-12, 10 

Pinacea)  ( Araucariacea-)  Engler   644- 

645,  668 

Pine  Creek,  Wyoming,  fossil  plant  localities 

near  *.   646,648 

fossil  plants  found  near   712  (t^ible) 

Hectiou  on   570-580 

Pine  River,  British  America,  fossil  plants 

from   650 

fi-W,  654,  655.  672,  673.  674,  675, 
681,  6S'J.  GhH.  093,  712  (table) 

Pinus  Llnna  us   670-671,  672,680.699 

Pinu.s  pala'(»strf»buH  (Ett.)  Heer   6HI 

PinuH  Pcti-rscni  Ileer   673 

Pinus  suH'i iia  iiHis  Dm   659, 

670-67  1 ,  698,  699,  700,  702,  712  (table),  :t2H 


Page. 

Plane-tree  family   706 

Planorbis   532 

Plants,  Cretaceous,  Black  Hills   521-946 

PlatanaceJE   706 

Platanus  Linuicus   706 

Platanus  cissoides  Lx.  ?         706,  712  (table),  944 

Podocarpus  Blumei  Endl   692 

Podozamites  Fr.  Braun   666,  607,  683 

Podozamites lanceolatus  L.and  H.  Brongn. .  683 

Poe.  Edgar  Allen,  cited   529,  553 

Poiseuille,  J.,  cited   195-199,  329 

Poiseuille-Meyer  law  as  to  flow  of  fluids, 

observed  departures  from         173, 195-202 

Polypodites  Mantelli  (Brongn.)  Giipp   651 

Polypodites  reticulatus  (Stokes  and  Webb) 

Ung   651 

Populites  salisburijEfolia  Lx   707 

Pore  space  in  soil,  sand,  and  rock,  character 

and  extent  of   208-218,  306-317 

Porosities  of  soil,  constants  for   326-327 

Portugal,  fossil  plants  from   712  (table) 

Portland  (Isle  of),  plate  showing  cycadean 

trunks  from   716 

Potomac  formation,  fossil  plants  from   601, 

712  (table),  722 
Hay  Creek  coal  field  of  AVyoming  com- 
pared with   570-579 

Protophyllum  Lesquereux   709 

Pteridophyta   650-664,704 

Pteris  Linnieus   654 

Pteris  reticulata  (Stokes  and  Webb)  Ett. . .  651 

Pterophyllum  Brongniart   667 

Pterophylluni  filicinum  Giipp   651 

Pterophyllum  Murchisonianuni  (iiij)!*   651 

Pterophyllum  oblongifolium   667 

Purbeck  beds,  England,  fossil  jdants  from.  541, 

601,  628,  712  (table),  716 
Purple  limestone.  Black  Hills,  outcrops  of.  536, 

538, 588 

Quarry  sandstone.  Black  Hills,  occurrence 

of   544,554.559 

fossils  from   705,  706,  707 

Quedlinburg,  fossil  plants  from   712  (table) 

Queen  Charlotte  Ishands,  California,  (Jreta- 

ceous  beds  in   540 

Quercophyllum  Fontaine   6NS 

Quercophyllum  wyomingense  Font.  n.  sp.  6N^», 

698.701,712  (table),  9i0 

Quercus  I.innieus   688,704-705 

Quercus  prinus  L   705 

Quercus  Wardiaua  Lx.  70  I-705,  712  (tabh-)  942 

Raccoon  coal  mine,  Winlerpock,  \'irginia, 

coal  beds  at   429 

plan  an<l  section  of   430 

veins  of  fibrous  cahiite  in  coal  at   491 

Rainfall,  total  quantity  <»f   69 

Rainfall  arul  run-off,  relations  of   94-95 

liapid  (Jity,  South   Dakota,  fossil  pl.nnts 

from  near   .544,  516.  561,  .562.  628 

Rai>pahannock  series,  Virginia,  fossil  plants 

from   712  (tabic) 

Read,  T.  M..  cit«rd   83 


956 


INDEX. 


Page. 

Eed  Canyon,  South  Dakota,  fossil  plants 
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weathering  of  rocks  in   506-509 

Robbin's  ranch,  Black  Hills,  "Wyoming,  fos- 
sil plant  locality  near   582,  648 

fossil  plants  from   655,  657, 

666,  667, 671,  672,  681,  690, 697, 712  (table) 

sections  near   579,580-581 

Rock    Creek,    Wyoming,    fossil  plants 

from  712  (table) 

Rogers,  W.  B.,  cited   425,443,506 

theory  of  structure  of  Richmond  Basin 

proposed  by   445-446 

Rollins  tunnel.  Crook  County,  Wyoming, 

fossil  plant  locality  at   648 

fossil  plants  from   655,657, 

666,  667,  671,  672, 681,  690,  697,  712  (table) 
section  at   580,  581 
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Residuals  on  the  Highland  Rim  peneplain, 

characters  of   30 

Rivers,  growth  of   230-253 

Rock,  pore'space  in   208-218 

Rock  and  sand,  rate  of  flow  of  water 

through   207-293 

Run-off"  and  rainfall,  relations  of   94-95 

Russell,  I.  C,  cited   397,  427, 454,  466 

theory  of  structure  of  Richmond  Basin 

proposed  by   450-451 

Russia,  fossil  plants  from   712  (table) 

S. 

Salisbury,  Virginia,  boring  at   477 

Salle  and  Burfoot  tracts,  Richmond  Basin, 

coal  seams  of   430 

sill  on   498 

Sand,  water-storage  capacity  of   70 

sizes  used  in^  tests  of  flow  of  under- 
ground water  .  86,  148,  23^,  234,  236,  238,  240 

possible  water  content  of   101-103 

rate  of  flow  of  water  through   87-93, 

147-157, 242-245,  264-269 
relation  of  pressure  to  flow  of  ai  r  through  172 
table  showing  effective  diameters  of 

grains  of   209-215 

determination  of  diameter  of  grains  of  218-227 
size  of  grain  as  aff'ecting  flow  of  water 

through   228-242 

Sandstone,  water-storage  capacity  of   69-70 

rate  of  flow  of  water  through   122-133, 

135-147,  323-324 

size  of  grains  iu   138 

rate  of  flow  of  air  through   175-177 

SapindacefE   690 

Sapindopsis  Fontaine   690 

Sapindopsis  variabilis  Font   690, 

693,700,  712  (table),  940 

Saporta,  G.,  cited   662,667,695 

Sassafras  family   705 

Sassafras  Nees  and  Eberm  705,  708 

Sassafras  Mudgii  Lx .  705, 708,  712  (table),  942,  944 

Sassafras  obtasum  Lx   707 

Sassafras  obtusus  Lx   707 

Sauropoda,  locality  and  horizon  of  beds  of. .  573 

Saxony,  fossil  plants  from   712  (table) 

Scalj-  clays  of  Italy,  cycadean  trunk  from . .  718 

Schenk,  A.,  cited   652,653,680-681,683,701 

Schimper,  W.  P.,  cited   597 ,.667,  695 

Sclerophyllina  dichotoma  Heer   673 

Scleropteris  Saporta   654,  657,  66'.2-60.3 

Scleropteris  distantifolia  Font.  n.  sp  .  <56!3-663, 

698,  701,712  (table),  926 

Scleropteris  rotundifolia  Font.  n.  sp   663, 

698,  701,  712  (table),  936 

Sedites  Geinitz   676 

Seelheim,  F.,  cited   78, 179-182 

Seepage  of  ground  water,  character  and  ex- 
tent of   72-77 

Influence  of  barometric  changes  on  rate 

of   73  77 

influence  of  thermometric  changes  on 

rate  of  74-75 

data  showing  rate  of   253-256 

Sequoia  Endlicher  -  674-676,682 

Sequoia  biformis   680 
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Sequoia  gracilis  Heer   675-070, 

682.  698,  700,  712  (table),  934 

Sequoia  longifolia   680 

Sequoia Reic'henbachi (Geinitz) Heer.  (i74-09'5, 
676,  682,  698,  711,  712  (table),  932,  934 

Sequoia  sp.  Fout   676, 698.  712  (table),  934 

Seward,  A.  C,  cite«l   628,645,651,695 

Sbaler.  X.  S..  cited   397,  400, 401 

Sbaler,  X.  S.,  and  "Woodworth,  J.  13.,  paper 
ou  geology  of  Riclimond  Basiu,  Vir- 
ginia, by   385-519 

Shasta  group,  California,  fossil  plants 

from   712  (table) 

Silesia,  fossil  plants  from   712  stable) 

Skinquarter,  Virginia,  dike  near   496-497 

Slicbter.  C  S.,  jjroblenis  concerning  flow  of 

ground  water,  investigated  by   67-68 

theoretical  investigation  of  motion  of 

ground  water.s  by   295-384 

Soapberry  family   690 

Soil,  con.stants  for  various  porosities  of. .  326-327 
deteiminatior  of  diameters  of  grains 

of   218-227 

investigations  relating  to  tlow  of  water 

through   178-202 

maximum  and  minimum  pore  space  of. .  2 IS 
mode  of  determining  efl'ective  size  of 

grains  of   324-325 

pore  space  in   208-218 

rate  of  filtration  of  water  through   256-260 

rate  of  flow  of  air  through   190-195 

rate  of  percolation  of  water  into   260-264 

size  of  grain  as  allecting  flow  of  water 

through   228-242 

table  showing  eflective  diameters  of 

grains  of   209-215 

water  storage  capacity  of   70-71 

Solms-Laubach,  H.,  cited   597,  623 

Southern  Appalachian  province,  Appalach- 
ian Mountains  of   12 

Api»alachian  Valley  of   12 

Cumberland  Plateau  of   12-13 

Highland  Kiiu  of   13,14 

interior  lowlands  and  Highland  Rim  of.  13, 14 

Piedmont  Pluinof   11-12,16 

]ilateaus  of   13-14 

subdivisions  of   11-13 

Spearfish,  S.  Dak.,  fossil  plant  locality  near.  596 

Spermatopliytii   .l<IS-64 1 , 

64  l-64.>,  66.>-6<>l .  704-709 

Sj)benoi«  i»i(liiuii  Heer   6NI-6S'-2 

S|iben(>b-pidiuin  Kunianum  (Dunk.)  Heer.  6^1, 
682,  698,  700,  712  (table),  934 
Sphi-nolcpidiuiii  parci  raniosum  Font..  676,  6S!:2, 
O'jH,  700,  712  (table),  928,  938 

.SpliciioU  pi.s  Kurriana  (I)uuk.)  Sclicnk   681 

SpinMiopteris  liroiigniart   657-658,  662 

Spiienoptt  ri.s  liymenophylloideH  Bri)u;;n  ...  <)61 

Sphrnoptens  Mautelli  lirongn   66ii 

Splienopterif*  pluriuervia  Heer  .'  (i.'i7-<»>*N, 

698.  702,  711i  (tal)l. •>,.'/.'.' 

Splieuozaniite.s  latifolius  (I«r«»ngn.)  .Sap   ()(;7 

SpitzlnTgen,  foM.sil  plants  from   712  (table) 

S|M»ut  Spring,  Virginia,  fault  near  458-461 

Spring  Canyon.   .Montana,   fossil  iilants 

from   Tl  J  (table) 
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Statf-tree  family   706-707 

Steiger,  George,  analysis  by   432 

Sternberg,  C,  fossil  plants  collected  by   705 

Stillwell,  L.  W.,  fossil   cycads  obtained 

from   547,  595,  597,  629,  6:J1,  0;56 

Stokes  and  Webb,  cited   695 

Sturgis,  South  Dakota,  cycadean  trunks 

found  near         548,  595.  596,  603,  712  (table) 

Swift  Creek,    Virginia,    geologic  section 

near   478-483 

Switzerland,  fossil  plants  from   712  (table) 


Taxacese   668,  711 

Taxodium  (Glyptostrobus)  brookense  Font.  682 
Taylor,  K.  C,  theory  of  structure  of  Rich 

mond  Basin  proposed  by   447 

Tennessee,  features  of  the  interior  lowlands 

and  Highland  Kim  of   13 

Tennessee.  Georgia,  and  Alabama,  paper  by 

C.  W.  Hayes  on  geology  of  portions 

of   1-58 

Texas,  fossil  plants  from  Lower  Cretaceous 

of   712  (table) 

Thermal  movements  of  ground  water   81-85 

Thermometric  influence  on  rate  of  seepage.  74-75 
Three  Chop  road,  Virginia,  geologic  section 

of   475 

?  Thuites  Choflati  Heer   681 

Thuites  (Cupressites  ?)  Kurrianus  Dunk...  681 

Thyrsojiteris  Kuntze   654,657,658-662,700 

Thyrsopteris  brevifolia  Font   660-661, 

698,712  (table),.'yf4 

Thyrsopteris  brevipeunis  Font.?   66t2, 

698,  712  (tabl^),  926 

Thyrsopteris  brevifolia  661,  712  (table) 

Thyrsojjtens  crassinervis  Font   658-659, 

662,  698,  712  (table),  .9,'4 

Thyrsopteris  dentifolia  Font.  n.  sp   660, 

661,  698,  712  {table),  924 

Thyrsopteris  elliptica  Font  65f(, 

698,  699,712  (table),  .'^24 

Thyrsopteris  pccopteroides  Font   660, 

661-66'^,  664,  698,  712  (table),  iJ^^ 

Thyrsopteris  pinnaLitida  Font.  ?   658, 

662,698,712  (table).  ^/,^4 

Thj'rsopteris  rarinervis  Font   6C4 

Tilgate  Forest,  England,  losil  i)laiit.s  froni. .  695 

Todd,  J.  E.,  cited   544 

Trautwine,  J.  C,  cited   182-183 

Trigonarca  siouxensis   537,  569 

Trinity  division,  Coiuanclie  series,  Texas, 

lbs«il  plants  from   541,647,  712  (table) 

Tuckaboe,  Virginia,  rocks  at   4ij8,  4,0 

Tuckahoc  group,  Richmond  Basin,  strata 

of   423-430 

fossils  of   430-435 

Turke;>  Branch  of  Swift  Creek,  Virginia, 

geologic  section  on   478,  478-483 

Tuscaloosa  Ibruiatiou.   .Vlabama.  age  and 

fossil  plants  from   541,711.712  (tables) 

T»ysonia  nia)ylan<li<  a   541 

TJ. 

rima«.a-  *   68» 

rimipiiyilum  Fontaine   i\S9 

Flmipbyllum  densinerve  Font.  ii.  sp  68!l, 

698.  701,  712  (tabl.  ),  .'/•/(> 
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Ulmus  Linnajus   689 

TJnaka,  definition  of   22 

Unakas,  Chattanooga  district   30 

Union  Pits  area,  Richmond  Basin,  Vir- 
ginia, features  of   488 

tilted  sandstones  and  shales  in   490 

fault  in   492 

Utah,  fossil  plants  from  Upper  Cretaceous 

of   712  (table) 

Vancouver  Island,  fossil  plants  from..  712  (table) 

Velenovsky,  J.,  cited   680 

Viburnites  Lesquereux   709 

Viburnites  Evansanus  Ward  709, 

712  (table),  946 

Vine  family   707-708 

Viuita  beds,  Richmond  Basin,  features  of..  435 
Virginia,  fossil  plants  from  Lower  Creta- 
ceous of   712  (table) 

paper  on  geology  of  Richmond  Basin 

in    385-519 

VitacetB   707-708 

Voluey,  C.  P.,  theory  of  structure  of  Rich- 
mond Basin  proposed  hj   445 

"Wallace,  Alfred  Russel,  fossil  cycads  found 

by   601 

Ward,  L.  P.,  cited   517,  544,  682 

paper  on  Cretaceous  formation  of  the 

Black  Hills  by   521-946 

"Warren,  G.  K.,  cited   530,  531 

"Water,  coefficients  of  viscosity  at  various 

temperatures   328 

effect  of  size  of  soil  grain  on  subter- 
ranean flow  of   228-242 

experimental  investigation  of  under- 
ground flow  of   107-207 

flow  rate  through  capillary  tubes   165-168, 

318-321 

flow  rate  through  rigid  porous  media.  108-157 
flow  rate    through    sand,  sandstone, 

etc   157-158,  207-293 

investigations  relating  to  underground 

flow  of   178-202 

paper  hy  C.  S.  Slichter  on  subterranean 

flow  of   295-384 

paper  by  P.  H.  King  on  subterranean 

flow  of   59-294 

rate  of  percolation  into  soil   260-264 

relation  of  pressure  to  ground  flow  of.  202-204 
storage  capacity  of  different  kinds  of 

rock  for  „  69-71 

Webster's  ranch,  Wyoming,  fossil  plant 

locality  at   649 

fossil  plants  from          666,  671,  685,  712  (table) 

section  near   585 

Weichselia  Stiehler   651>653 

Weichselia  erratica  Nath   652 

Weichselia  Ludovica)  Stiehler   651 

Weichselia  Mantelli  (Brongn.)  Seward   652 

Weichselia  reticulata  (Stokes  and  Webb) 

Ward  n.  comb  051-653, 

654,  655,  698,  701,  711,  712  (table),  922 
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Weichselia  reticulata  (Stokes  and  Webb) 

Ward   701,712  (table) 

Welitsohkowsky,  D,,  cited   183-186, 190 

Wells,  H.  P.,  cycadean    trunks  collected 

by    548,549,555,556,563,595, 

596,  597,  606,  610,  622,  623,  639 

Wells,  capacity  of   289-290 

diagram  showing  lines  of  flow  of  ground 

water  into   368 

mutual  interference  of   276-279 

rate  of  flow  of  water  into   279-289 

Wells  (artesian),  rate  of  flow  of   358-371 

mutual  interference  of  flow  of  370,  371-380 

Wernsdorf  beds,  fossil  plants  from   652,  683 

West  Los  Angeles  Water  Company,  rate  of 

seepage  in  the  flume  of   253-255 

Weston,  E.  B.,  cited   362 

Westphalia,  fossil  plants  from   712  (table) 

West  Sappouj'  Creek,  section  at   441 

Widdringtouites  Haidingeri  Ett   681 

Widdringtonites  Kurrianus  (Dunk.)  Endl.  681 
Wieland,  G.R.,  fossil  cycads  found  by.  564,  565,  623 
Wieliczka,  Galicia,  fossil  cycad  found  near.  601 
Williams,  R.  S.,  fossil  plants  collected  by  . .  540 
Williams  shaft,  nearBarrett,  Wj^oming,  sec- 
tion at   585 

Williamsonia  Carruthers   068 

Williamsonia  ?  phoeuicopsoides  Ward n.  sp .  068, 

698,  701,712  (table),  5^6 

AVinchell.N.H.,  cited   535-536 

Winterpock,  Virginia,  geologic  structure 

near   483 

Wire  gauze,  rate  of  flow  of  water  through.  109-119 
relation  of   pressure  to  flow  of  air 

through   171 

Wolff,  J.  E.,  aid  by   430 

Wollny,  E.,  cited   108. 186-189, 192-195 

Woman's  College,  Baltimore,  fossil  cyca- 
dean trunks  belonging  to.  594,  601,  630,  722 

Wood,  petrified,  Richmond  Basin   435^36 

Woodbridge,  IS".  J.,  fossil  plants  from   704 

Woodworth,  J.  B.,  andShaler,  N.  S.,  paper 
on  geology  of  Richmond  Basin,  Vir- 
ginia, by   385-519 

Wyoming,  fossil  plants  from  Upper  Creta- 
ceous of   712  (table) 

Y. 

Tokoyama,  M.,  fossil  plants  found  and  de- 
scribed by     654.  655,  701 

Yorkshire,  fossil  plants  from  the  Oolite 

of   712  (table) 

Z. 

Zamia  Linnaeus   591 

Zamia  angustifolia  Jacq   607 

Zamites  Brongniart   665-666 

Zamites  acutipennis  Heer   666 

Zamites  borealis  Heer   659, 

666,  098,  699,  700,  702,  711,  712  (table),  926 

Zamites  brevipennis  Heer   665-666, 

698,  699, 702,  711,  712  (table),  926 

Zamites  Gopperti  Schenk   683 

Zamites  ?  sp.  Pont. .  666,  698,  701,  712  (table),  926 

Zamites  tenuinervis  Pont   666 

Zittel,  cited   681 

Zoar,  Virginia,  dike  near   497 
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